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FOREWORD

This document is an Interim Technical Report for 22 October 1991 covering work
performed under U.S. Army Materials Technology Laboratory (MTL) contract DAAL04-
86-0045. The MTL contracting officer technical representatives are Mr. John Dignam and
Dr. Robert Fitzpatrick. This work was sponsored by the Strategic Defense Initiative
Organization / U.S. Army Strategic Defense Command Office (SDIO/USASDC) at Hunts-
ville, Alabama, The work was monitored by the Electric Gun Branch at the U.S. Army
Armament Research, Development and Engineering Center (ARDEC), where railgun testing
of the materials was also performed. Maj, Noble Johnson and Lt.-Col. Gary Hagen were the
Product Managers, and Mr. Stanley Smith was the Project Engineer at SDIO/USASDC.

The effort centered on the development, test and application of advanced ceramic
insulator materials to electromagnetic launchers (EMLs). The environment of the bore
insulating materials in high-power EMLs was evaluated and goal properties set. A wide
variety of ceramic materials were produced and tested, and two compositions, one alumina
(A120 3) based and one silicon nitride (Si3N,) based were down selected. The alumina based
material (with the addition of chromium oxide [Cr203]) was then chosen to be scaled up to
the size needed for state-of-the art EMLs. The material still met the mechanical, electrical
and producibility goals after scaling up. Limited testing was performed in a small EML.

Major contributions to this piogram were made by Richard Palicka and Andre Ezis,
President and Vice-President of Cercom, Inc. of Vista, California. They provided essential
support in the selection of material compositions and processing conditions. They fabricated
most of the advanced ceramic insulator materials discussed in this report.

The authors extend their thanks to Bob Washburn (retired), Jim Black, Rudy Akin, and
Galyn Thompson of SPARTA for their assistance in selection of compositions, processing
conditions, and for testing and analysis. Two separate University groups, headed by Dr. Kris
Kristiansen at Texas Tech University in Lubbock, Texas and Dr. Jenn-Ming Yang at the
University of California, Los Angeles; provided expert assistance in the areas of electrical
testing of insulator and conductor materials and mechanical testing and analysis of ceramic
materials respectively. Aoe-.es-Ion . . For
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1.0

INTRODUCTION

Electromagnetic accelerators (EMAs) are being developed for a number of potential
Strategic Defense, Theater Missile Defense, and tactical missile applications. The railgun,
the most mature type of EMA, accelerates ptojectiles to velocities of 3-6 kmn/sec or higher
by applying large electromagnetic forces to an armature that pushes the projectile as shown
schematically in Figure 1.1. This process requires large electric currents on the order of
several mega-amperes, to be conducted down one conductor rail, across a solid or plasma
armature and back through the other rail. The conductor rails are separated by insulators,
and these four components are confined together to form the bore assembly. The perform-
ance and lifetime of the bore is a major design and operational issue. This program addresses
the development of advanced bore materials, concentrating on improved bore insulators.

1.1 The Limitations of Current Railgun Bore Materials

The development of materials with the necessaiy properties to perform successfully
as bore insulators and conductors in EMAs is a major challenge to the Materials Tech-
nologist. The bore component design requirements imposed by the extreme thermal,
electrical and mechanical stresses of the railgun environment dictate a set of properties
that cannot be fully met by any commercially available materials. Included in Table 1.1
is a listing of bore material issues, their implications, and the effect they have on the
operation of railgun systems. As the table indicates, the shortcomings of current railgun
bore materials seriously limit the performance of railgun systems. This fact was recog-
nized at the beginning of the program, but during its performance, significant additional
operational data was acquired that made the railgun community more acutely aware of the
vital importance of railgun bore material performance, especially the insulator materials,'
This additional knowledge was derived from experiences with smaller laboratory railguns,
and more importantly, from the following 90 mm bore diameter high-energy guns:

"* The Single Shot Gun (S.SG) at the University of Texas Austin - Center
for Electromechanics (U'I" - CEM)

"* TI e SSG at the DNA/Maxwell Green Farn Facility in San Diego, Cali..
forrnia

l The 1,A dvanc, d ComnpositC eailgull: ba-rrl bullt b\ SPARTA for the U.S,
Army Armanmcni Research, Development and Engineering Center
(ARDEC) in Plicatinnv Arsenal, New Jersey and fircd at the Green Farm
facility.
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Figure 1.1 Schematic of electromagnetic accelerator operation. Bore insulators
(not shown) separate the conductor rails.

All currently operating high-energy railguns use glass fiber reinforced polymers as
the bore insulators. The fibers are in the form of cloth or laid-up plies. The matrices
commonly used include epoxy, melamine, and polyester.2 3 The two most commonly used
standard materials are "G-9" and "G-I10". These materials are fabricated to specifications
set by the National Electrical Manufacturing Association (NEMA). Both materials use
the same plain weave E-glass cloth (62% by volume). The difference is that the G-10
utilizes epoxy resin as the matrix whereas G-9 utilizes melamine resin as the matrix. The
G- 10 material is stronger and has better interlaminar shear strength than the G-9, however,
the G-9 possesses the special feature of being relatively cleanly ablating, that is, it leaves
a minimum of solid residue when its surface is ablated by a passing arc plasma. Any
carbonaceous residue deposited on the bore insulator may provide a conductive path which
produces a short in the gun, so these guns must typically be cleaned after every shot.
Clearly., this requirement is unacceptable for a device which would be used in the field as
a weapon. The G-9 leaves less residue than other resin-matrix composites which have
been tested, but it still produces enough conductive residue to require cleaning after each
shot when a high-power plasma armature is used.

There are four maijor types of armatures presently utilized for high-energy' rilunS.
"A 'plasma armature'" railgun configuration is one in which the current that accelerates the
projectile flows through an electric arc which connects the two conductor rails. An
alternative configuration is referred to as a "solid armature". In this situation, a conductive
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Table 1.1 Summary Of Bore Material Issues And Their Effect On The Operation Of
Railgun Systems

BORE MATERIAL IMPLICATION RAILGUN SYSTEM
ISSUE EFFECI

Ablation and Erosion of Insu- Increases Diameter of Bore Changes Fit of Projectiles, or
lators Causes Need for Varied Size

Projectiles; Decreases Barrel
Lifetime

Adds Parasitic Mass to Decrease Efficiency (Velocity)
Launch Package

Gouging, Divotting, Abrasion, Increases Roughness o1 Bore Causes Damage To
and Delamination (Insulators Projectiles (Possible In-Bore
Only) of Bore Materials Causes Projectile Balloting Failures): Increases Projectile

Dispersion and Reduces Accu-
Increases Honing Frequency racy; Limits Barrel Lifetime,

Increases System Life-Cycle
Requires Repair Costs due to Refurbishment;

Reduces Efficiency Because of
Makes Bore Rider Sealing Plasma Blow-By
More Difficult

Conductive Residue in Bore Second Shot Not Possible Rep-"lated Operation Impossi-
After Shot Without C;eaning ble or Very Difficult

Low Modulus Insulators Increased Deflection of Bore, Decreases System Efficiency
Increasing Plasma Blow-By (Lower Velocity) and Increases
and Deforming Barrel Shape Projectile Scatter (Dispersion)

Insulator Thermal Properties Better Thermal Conductivity Increases Allowable Rep-Rate
Gives Better Heat Sink

metal bridge provides a current path between the rails and pushes the projectilc (or is itself

the projectile). The solid armature configuration presents a less challenging environment

for the bore insulators because there is no arc present. It is usually a less efficient design

because of the parasitic mass of the metal armature and it is difficult to prevent arc for-

mation at velocities in excess of one to two kmi/sec. There are two additional types of

armatures under development including those that start as solid metal and transition in a
controlled manner to plasma as the metal vaporizes (thus a "transitioning armature"), and
a "hybrid armature" which is part plasma and part metallic by design. Both of these
armature types reduce exposure of the bore insulator to the intense plasma radiation
(10,W00 to 40,)00K). The purpose of discussing these armature types, a; will be shown
later, is that the type of arnmatire rtilized effects the bore environiln, t and thus, impacts
the property requirements of bore insulator material.
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A second shortcoming of glass fiber composites for use as bore insulator materials
is the excessive erosion and divoting that they experience due to a combination of arc
erosion and mechanical erosion/ablation/abrasion and projectile balloting (lateral accel-
eration). Shown in Figure 1.2 are results from an actual bore diametral measurement taken
after a high power shot with the Advanced Composite Railgun. The bore had been honed
before the shot and it is seen that the glass-epoxy insulator rails experience a great deal
more abiation and erosion than the bare copper conductor rails. This dimensional insta-
bility, as shown in Table 1.1, seriously compromises railgun system operation.

0.5- . 0.5

CHANGE IN .- ., INSULATOR

DIAMETER " "

CONDUCTOR

B - LM U L -

-0,5 -0.

Figure 1.2 Bore measurement (insulator and conductor) after single high-energy
shot in ARDEC/SPARTA advanced composite railgun

Current railguns accelerate projectiles up to as much as 6 km/see, while maintaining
close tolerances between projectile and bore. The projectile undergoes "balloting" during
its axial acceleration. Ballotting, or lateral acceleration, produces repeated collisions of
the projectile with the bore of the gun. This balloting causes both impact and abrasion
damage to the bore. The amount of balloting is a function of the smoothness (and
straightness) of the bore. This balloting can cause in-barrel damage or failure of the
projectile. EM guns constructed with glass fibcr composite insulators must be routinely
patched with epoxy or a filled epoxy compound to fill in gouges and delaminated areas,
and to build up eroded surfaces. They must also be honed frequently to provide a smooth
sealing surface for the projectile. Since the next generation of railguns will be designed
for multiple shots pcr minute, this kind of maintenance constraint becomes entirely
unacceptable. Another disadvantage is that the mass added to the armature/projectile
package due to entrained cr)sion and ablation of instlalor material subs tan iall v rCdluceC
the efficiCecy o0 the gun.

The third drawback of a glass fiber reiniforced composite in.sulator is its relativuly

low compressivc ilodLuhi.iS, The efficiency of afn electromagne tic gun is in part related to
the radial stiffncss of the barrel.' A plasina armatutre cr'atcs a pressui're wave as it travel'
down the barrel. 'The radfial deflection of the barrel in response to this press.urc dissipaics
energy wh ich would otherwise he imparted to thc pro j.ctilc. The deulctC(i Cin call a0ls
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produce plasma leakage around the projectile (blow-by), which seriously degrades gun
efficiency. Most modern railguns are externally pressurized or prestressed to keep the
bore components in compression, so the material property that is required to minimize
internal radial deflection is high compressive modulus. High loading fractions of glass in
the composite keep the modulus relatively high for a polymer-based composite, but if a
ceramic substitute could be found, gun efficiencies would improve significantly because

ceramics possess moduli that are twenty to thirty times higher than glass fiber composites.

Ceramics appear to be a promising alternative to the presently used glass fiber
,oinforced polymer insulators, but no commercially available ceramic can provide the
required mechanical strength and fracture toughness under the dynamic loading conditions
and the necessary multi-shot high voltage surface breakdown resistance. Thus the devel-
opment of such an insulating ceramic material needed to be carried out in order to meet
the requirements imposed by a railgun bore environment.

For conductor rails, copper or copper alloys have been the materials of choice. But
these materials have proved to be too soft and have too low a melting point to perform
very well under multiple shots in high energy railguns. Bare copper surfaces are easily

damaged by the abrasion and impacts of high-speed projectiles and melted by the
combined effects of the rail and arc current. Harder, more refractory metals such as
molybdenum, tungsten and tantalum or their alloys have significantly higher electrical
resistivities than copper alloys and generally have limited fracturc resistance. There are
some conductive ceramics which might be refractory enough to resist ablation, and able
to withstand impact damage and abrasion far better than copper because of thleir hardness.
Conductive ceramics, as well as some new combinations of more refractory metals, were
evaluated in this investigation. However, this work was much more limited than the work
on ceramic insulators which was the major focus of this program.

The lack of a durable bore insulator material is one of the most significant technical
problems in railgun development today. All of the large research guns now in operation
require significant maintenance after almost every firing, due primarily to ablation and/or
physical erosion of the insulators, This maintenarnce may consist of cleaning, patching,
or honing, bui even in the most minor procedures, it may consume hours or days of labor.
Railgun technology will have difficulty establishing any credibility as a practical weapon
or launching system of the future until a low maintenance, long lifetime bore insulator

material is developed.

1.2 Program Objectives

It is clear that polyinur-basccd materials arc nrt ideal selections for railgun insulators,
and it is widcelV believed that a ceramic mat'rial will evcntual ly p-ovide the ultimate
solution to thiS J•robleCII.' The chtoice of" conductor material is not as critical an issue as
the insulators, which arc the primntary obstacle to multi-shot cal)ability. but there is con-
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siderable room for improvement in this area nonetheless. The first objective of this pro-
gram was to ascertain the specific mechanical properties which would be required of such
materials in a large railgun of advanced design. This was accomplished by the application
of continuum mechanics and finite element analysis to an advanced railgun model. This
analysis provided the strength, strain, and modulus requirements, but was not sufficient
to determine dynamic fracture toughness requirements. A subsequent fracture mechanics
analysis considered such issues as flaw detection limits and Weibull statistics in order to
establish a fracture toughness criterion for the candidate materials.

Having established a set of mechanical property goals for the ',r,,e materials, the next
step was to evaluate and select candidate materials which could be expected to meet these
goals, and which would warrant experimental evaluation. A survey was performed that
collected manufacturers' product literature, and scientific literature pertaining to new
experimental research in high-toughness ceramics. It also included a survey of the EM
gun development community to collect reports of previous experiences with bore mate-
rials. This community is composed of military, government, industrial, and academic
groups.

Once a primary set of candidate materials had been selected, the material was
designed (using microstructural tailoring) with respect to chemical composition, constit-
uent sizes and architecture. Each material was then fabricated in a plate form, from which
a variety of Lest samples were cut. These samples were used to measure density, modulus
of rupture strength, Weibull modulus, fracture toughness, and surface breakdown voltage.
The properties were correlated to microstructure and iterative development carried out.
Parts cut from selected plates were also tested as actual railgun insulators in a small
electromagnetic gun. After identifying the ceramic compositions which exhibit the best
combination of properties, the materials were scaled up to a size representative of state-
of-the-art, or next generation railguns. These larger size pieces were then subjected to the
same series of evaluations to confinn that adequate properties were maintained in the
scale-up process.

A schematic diagram that illustrates the approach utilized in this program is given
in Figure 1.3. The details of the work performed are discussed in Chapters 2 through 6 of
this report as indicated in the diagram. Conclusions and recommendations for further work
are discussed in Chapters 7 and 8, respectively.
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2.0

SURVEY OF EM GUN BORE

MATERIALS EXPERIENCE

Early in this program, a survey was conducted of all the organizations in the United
States presently or formnerly engaged in railgun research. The purpose of this survey was to
collect inform'tion on their experience with railgun bore materials. Three categories of
questions were posed:

1. What bore materials have been used in the past for both insulators
and rails?

2. How have these materials performed?

3. What will be the requirements for materials in the next generation of
railgun designs?

During the survey, information was also gathered on: most pertinent contact at the
facility, name of operating gun(s), physical and operating characteristics of the gun(s),
containment method and stiffness of barrel, bore conductor rail material experience, bore
and backup insulator material experience, and armatures used (type and materials), arma-
ture/bore interactio.o experience, and near-term ex,,erimental plans. All of this information
was collected in the Spring and Summer of 1988. It represents the state-of-the-art at the time
this program was initiated, and it explains the context in which the program was conducted.

2.1 Sources Surveyed

Shown in Table 2.1 is a listing of the sources surveyed, key contact and phone
number, and comments on the areas of primary focus at that facility. The list of sources

to be contacted was compiled by a combination of

1. SPARTA contacts with electromagnetic railgun facilities/experi-
nieters

2. Papers given at past Electromagnetic Launch Technology Sympo-

3. Contributors to other coiferences on clectromagnetic accelerator
technology
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TABLE 2.1 - List of Sources for Rallgun Materials Survey

Organization Point of Contact Materials Relevant Work
and Phone Number

ARDEC (US Army) Greg Colombo Developing wrapped barrels
Picalinny Arsenal, NJ Turn Coradeschi (Benet) and solid armatures

201-724-3353

Astron Research Charles Powars Analyzing and developing
San Jose CA 408-297-2926 advanced material insulator

and conductor rails for test

Auburn Univ. Gene Clothiaux Development of advanced
Auburn, AL Ray Askew diagnostic techniques

205-826-5894

Ballistic Research Keith Jamison Development of advanced
Laboratory (US Army) Alex Zielinski diagnostic techniques; test
Aberdeen, MD 301-278-5687 of advanced bore materials

and development of projec-
tiles

Benet Weapons Lab Pete Aalto Development and fabrication
Watervliet Arsenal Pat Vottis of wrapped composite bar-
Watervliet. NY 518-266-5595 rels

Boeing Aerospace John Schrader Development and test of
Seattle, WA 206-7732C14 solid armature designs

Eglin Air Force Base Ed Bradley Development and test of
Eghn AFB, FL Lt. Dan Jensen multishot insulator and con-

L t Jeff Martin ductor rails, solid and
904-882-0207 plasma armature

development Conventional
and Marc IV railgun tests

Electromagnetic Launch Henry Holm Development and fabrication
Research Inc. 617-661-5655 of coil guns (including power
Cambridge, MA supplies)

FMC Corp Steve French Design and development of
Minneapolis. MN 617-337-3269 composite barrels, materials

for use in electro-thermal
guns

Ford Aerospace, Bill Creighton No work currently being per-
Aeronutronics Div 714-720-6098 formed on advanced bore
Newport Beach. CA materials, development of

acvanced projectile struc-
tures

General Atomics Corp Leo Holland System thermal manage-
San Diego. CA Fred Chamberlain merit; solid armature design

619-455-3043

Gerneral Dynamics Corp Jaime Cuadros No longer working with rail.
Valley Systems Div 714-945-8370 guns
Raricho Cucamonga. CA

GT Devicus Rod Burton Ceramic materials for use in
Aloxandria. VA Doug Witherspoon electro-thermal guns

703-642-8150
!AF' -I:L .c.-u J~I - - .S.. .L•,,,.,~cuJd~ibUtj Duveiupiiurii ui suhid arrmi

Dayton. OH Tim McCormick lure and switch materials
513-296-1806 laminated, stiff raligun

barrels
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TABLE 2.1 - Continued

Organization Point of Contact Materials Relevant Work
and Phone Number

Lawrence Livermore Labs Ron Hawke All work is being performed
Livermore. CA 415-422-8679 at Sandia

Los Alamos Narl Labs Jerry Parker Development of advanced
Los Alamos, NM Bill Condit diagnostic techniques and

505-667-3119 analytic models. Design and
fabncation of Sialon
ceramic-backed railgun

LTV Aerospace Mike Tower Not currently doing any
Dallas, TX George Jackson advanced bore materials

214-266-7435 work.

Maxwell Labs Mike Holland Development and test of
San Diego, CA Roll Dethlefsen projectiles. Design, fabrica

619-576-7867 tion and operation of 90 mm
bore single shot (B) gun

MER Corp Raof Loutfy Development of advanced
Tucson, AZ 602-746-9442 reinforced ceramic matrix

rail materials

Physics International Ron Gellatly No current work on bore
San Leandro, CA 415-577-7119 materials

Sandta National Labs Jim Asay Materials equation of state
Albuquerque. NM 505-844-1506 development

Science Applications Inter- Ed O'Donnell .:,ETA contractor at Eghn
national g04.883-0389 Development of bore abla-
Eglin AFB. FL tion model

SPARTA. Inc Stuart Rosenwasser Advanced insulator and con-
San Diego, CA R Daniel Stevenson ductor materials, actively

619-455-1650 cooled conductor rails, stiff,
high prestress barrels

Supercon Inc Eric Gregory Development and test of
Shrewsbury. MA 617-842-0174 Cu-Nb conductor rails

Texas Tech Univ Kris Kristiansen Developmenl/test of switch
Lubbock, TX Greg Engel contact, electrode, and insu-

806-742 222, lator materials

Univ of Texa- Bil Weldon Design. fabrication and
Austin. TX Ray Zawor' - oporation of stiff, actively

512-471-4496 pressurized 90 mm vertically
oriented single shot (B) rail-
gun Use of ceramics in rail.
guns

Westinghouse Marine Div Jeff Fletcher Thunderbolt railgun design
Sunnyvale, CA Jeff Anderson and fabrication development

408 735-;'400 effort

Westinghouse R&D Center John Spitznag(,,l Selection arid lust of
Pittsbuigh. PA Dan Deis advancs:L1 bore rnaiuerials

41 2 256- 148 1 and flabri•c3lon method-, for
Thunderbolt through SUVAG
Ii gun testing
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2.2 Results of Survey

A copy of the survey form used to record information from each source contacted is

shown in Figure 2.1. A listing of the U.S. railgun systems identified during the survey

along with some of their key design and performance parameters, and primary armature

type and baseline bore materials are given in Table 2.2. A listing of railgun barrels without
their own power supplies that had been fabricated and tested up until the time of the survey
is shown in Table 2.3. They are included because of interesting advanced designs or the

use of advanced materials.

A brief summary of the advanced materials investigated by each source is shown in
Table 2.4. Included below is a discussion of the railgun work relevant to bore materials

carried out at each of the organizations,

ARDEC - ARDEC has four rail guns either operational or under fabrication:

i. EMACK - a 5 in long, 50 mm square bore gun (under modification)

ii. TOPAZ - 2.6 m long with 50 mm square bore

iii, FLINT - I m long with 1 cm square bore

iv, Benet Barrel - 1.2 in 'ong 50 mm round bore, fibcrglass overwrap.
To be sUcceedcd by a 5 ni long version.

At this time, the TOPAZ gun and the Benet Barrel are operating while the FIMACK
power supply is being upgraded and the FLINT gun assembled. The EMACK guln will
be available for testing shortly. Much of the work involves penetrator/projectile studies
and solid armature development. Shortly, a 4 ni barrel produced by ARES using cast
alumina ceramic in an epoxy organic matrix for the bore insullator will be tested, The
Benet barrel is being used for projectile studies, A 5 rn graphite fiber/epoxy wrapped

barrel with a 50 mm round bore was under fabrication at Benet for delivery to ARI)E'C in
June, 1988. ARDEC is• sponsoring the development oftlight-weight, fiher-wrapped barreIls

for railguns. All of the above barrels use conventional bore matrials, 'I hose incltude
copper or copper alloy conductor rails and G-9, G- 10, or G.- 11 insulator rails, No advanced
boare material stti¢, ar1 undcrway, although the FLINT- gun will be L•ed J to tCet adlvancd

materials under development,

Astron Research - Astron is supplying advanced conductor and insulator rails for test at
Eglin Air Force Base. Rails currently under development (for test in IE'glin's PLUG Gun)

include: plasma-sprayed Mo and W coated copper rails, cheinical vapor deposited (CVI))
coated W copper rails, rails with graphite strips baitcd to the bore fatcinug surfacc, s•olid
Mo and W rmils, hot-pressed SiON insulator rails (24 in. (01 cin) long) which survived
cxposure in the Eglin l'PJG gun wilhlout fraOctuLrC, atltho1ugh a partially c,'onLdutctivC surfa'ce
coating was focrid, aid glass,-rcinfkcrccd plcvinlide and tluarmi 'loll icrtoi1cd o(flyinlide

insUtaMig rails.
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SURVEY OF E'M GUN BORE' MATERIALS EXPE'RIENCE,
CONTIRACT D'rAAI,04-86-C'-0045

Location;_____________________-

Contact and Othcr Key Personnel:________ ___

Addruss and Phone :___ ______________ ________________

TIype and Mum,~ of Ounl;_________ ____ _____ _______

Barrel Construction, DiMn'icnsios/Oprwating Pa rameters ( fllsS, peak, iidcdcraIioIn peatk curl'cn, in)jecriun1

vclocil), tIriml velocitv, pie -sliess, max. pressure)

Coniductor Rail Materiak 1l c~ivd and Results: ____ _________ ____

lnI h1I d1or Alitc i -111s Tested ill Id eui:. _____ ______

Armauiituc 'I v;pcs. Nialici ;111(1 Bowui ltc'i~in~

Flgurp 2. 1 7/L lt-,~ (I lorn 10M'I t]So( 10conduCft( I M Gun tiorL M-ifurwl(l Ixpl'rIl',iICL
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Auburn University - They are using a 30 cm long in-house gun for the development of
advanced diagnostic techniques and will be receiving a copy of the Los Alamos MIDI-II
gun from Eglin for the development of soft x-ray diagnostic techniques. No materials
development work is currently being performed.

Ballistic Research Lab (US Army) - The majority of BRL's work is centered on
development of advanced diagnostic techniques for railguns. They have a small 1 cm
square bore gun that is used to prove out diagnostic techniques and has been used to expose
advanced conductor and insulator materials produced by SPARTA. SPARTA produced
a I m long, I cm square bore barrel with provision for quick change out of 12 in. (30.5
cm) long materials test sections for use by BRL.

They also have an in-house 100 kJ (capacitive storage) electical-thermal (ET) type
gun. Its capacitors are tailored to give a ramp current to 100 kA in 8(X) milliseconds, It
uses round bores ranging from 9.5 to 15.9 cm diameter by 15 cm in length. In September
1988, a I MJ (stored) bank was instailed with a maximum current of 350 to 8(XW kA. The
device is currently not used for materials studies, but for development and application of
advanced diagnostics and understanding of the physics of ET guns (including internal
ballistics).

Benel Weapons Lab - Benet is designing and fabricnting compo:;ite-wrapped barrels for
test at ARDEC, These barrels are made from graphite or glass fiber/epoxy matrix mate-
rials. These resin matrix composite materials are wrapped over 110 copper alloy or
Glidcop conductor rails and G-10 insulating rails.

Boeing Aerospace - They have been doing work on the development of solid armature
designs and are currently not active in the area of advanced rail gun bore materials.

Eglin Air Force Base - Eglin is currently using their PUG Mark I gun with a 0.6 m long
barrel and 1 cm square cross-section for test of advanced materials that are produced by
various companies (see sections on Astron, MER Corp. and SPARTA). Eglin themselves

are developing advanced solid armatures and rail configuration designs. Some of these
results are featured in the PUG Mark IV railgun design, There are other, larger guns at
Eglin (including the four Tier I barrels built by General Electric, General Atomics, General
Dynamics, and IAP) but they are not used for materials development or testing. The large
majority of the shots are made with copper alloy 110 conductor rails and G-10 insulating
rails. The refractory alloy clad raill have performed very well with very low total system
(bore conductors and insulators) mass loss even after multiple shots, Conventional
plasma-sprayed rw fractory metal coated rails trid tdocrack and spall. l(owever, rails coated
with tungsten by a vacuumL1 plasma deposition process did perform well.

Electromagnet Launch Research - They are active in the area of ruscarch, design, and
fabrication of coil tuns (lirnear synchronous launchers). Advanced maleriall I clktir ln
spiral inductors made from SiC fiber reinforced ,'umlinLml, copper alloy/Inconel laminated
inductors, and barrels made from lawni nated c(lppcr and stainlhc ýs steel utilizing graph ire-
epoxy as an instilitor.
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FMC Corp. - FMC has been surveying and testing insulator and conductor materials for
use in the breech end of electro-themial guns. The main emphasis on electro-thermal gun
materials is materials that exhibit low mass loss (erosion), while plasma sealing consid-
erations are not as important, A listing of the materials they are investigating is not
available because it is proprietary. They also fabricated a I m long, 50 mm bore barrel
tested at Maxwell's CHECMATE facility. This barrel utilized A120 3 backup insulators
and a graphite fiber-wrapped barrel for light weight and stiffness.

Ford Aerospace - Ford is currently doing no work in the area of advanced railgun bore
materials, They are designing and fabricating projectiles that are being tested at Maxwell
and the University of Texas. Carbon-carbon is the major advanced material being utilized
in these components.

General Atomics - They have not fired any of their 50 mm bore guns recently. They are
using two different square bore in-houIse guns for the development of thermal management
techniques and plasma brush armatures. A 50 tmr square bore Tier I gun was fabricated
using epoxy pressure injected behind the bore component in order to provide precom-
pression at the bore component interfaces to reduce plasma leakage. In addition, ccf)lant
passages were gun-drilled in the Cu-Cr conductor rails in order to provide active cooling.

General Dynamics - General D)ynamics is no longer working: with railgtins,

G'i Devices - They have tested 6 in. (15 cm) and 18 in, (46 cm) lengths of 0.5 in. (1.27
cm) diameter Al(J., and Si3 N4 ceramic rods as insulators in their 3 f. ((0,91 in) long hybrid
electro-themal/electromagnetic gun, This gun uses an liT injector together with a plasma
arc and conductor rails, Measured ablation on the ceramic rods was 10 times less than
metacured using l.ex: insulators, I lowever, deeper arc tracking was observedon the A120,
dispersion-strengthened copper (Glidcop Al-15) conductor rails when using the ceramic
insulators, a phenoimen(n that they plan t•o iivestigate further. Sone of the I• Xin. (46 cm)
long ceramic rails broke during test,

IAP Inc. - The two main areas of work are solid armatures and various types of switches,
In addition, a s.tiff laminated siccl containmenit barrel concept has been developed to
maximi ze induction gradient, This 50 11m gun has copper alloy rails and G -10 insulators,
In addition, a test bed itl measure tIh propert iCs of solid armature contact materials under
controlled conditions of velocity, clurrent and contact pressure has been set up,

Lawrence iivernmore IaIIorltries - 1.,1,I do•s not currently have any workinug railgiins.
Some (If their' personnel arc involved with the railguin prcgrali at Sandia National lbal-
ratorics,
Los, AlLiatmos - Most of thi, riiluim w, k curiently tidcrway at L os Ali,,nos is conceined

with pro'l 'ins of liagnostics and p)li,,iiia! ait / 1il.c iii lic l5 intcractions. No advaniced

inatcrials are curr'ntly tein_ inyvetigti', ;nlnnulutah'tic'al Studiesl ar heiig c1ntducted

on aolvil cel 1ine " nlk iiutl'iials. 'I li.' wily 1J n cUll ' !rc v (illy 'lio ili)_ at Los Alanmois IP the
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MIDI-I1 gun (1.64 m long with a 9.5 mm square bore). Los Aiamos fabricated a duplicate
of the MIDI-I1 gun and it is currently being fired at Eglin Air Force Base and will later be
sent to Auburn University.

LTV Aerospace - They are not currently performing any work i11 the area of advanced
bore materials. Their distributed energy gun (DES) is not currently being used but could
be put into operation rather quickly. They are concentrating in the area of guided pro-
jectiles.

Maxwell Labs - The CHECMATE gun facility is no longer being used. The large (8 m

by 90 mm round bore) SSG B-gun is being used to develop projectiles. The B-gun uses
copper alloy MZC rails and G-10 insulators. Multiple shots have been conducted at half
power without intershot bore cleaning.

MER Corp. - They produced a pair of 6 in. (15 cm) long insulator rails (for test in Eglin's
Mark I PUG gun) made from toughened AIl,0. The toughening was due to the inclusion
of SiC whiskers and a ItfC transfonmation toughening phase. The resistivity of the rails
was relatively low, but methods are being developed to increase the resistivity by breaking
up the path between the SiC whiskers. They are also looking at reinforced 'riB2 matrix
conductor rails.

Physics International - No work is currently being performed on bore materials. All
efforts are on fabrication of power supplies for the Thunderbolt railgun.

Suandi National Laboratoris - They are using their HELEOS (2.4 m long, 12.7 mm
round bore) gun to study materials equations of state. A two-stage light gas gun (2SLGG)
is used as a preaccelerator (6 to 8 kmi/sec) into the railgun. Dispersion-strengthened copper
(Glidcop) conductor rails and Lexan insulator rails are used. To date, only low levels of
current have been used, resulting in little bore materials damage.

Science Applicalions Inft'rnational - They have a SETA role at Eglin Air Force Base.
In addition, they operate the MIDI-II type railgun at Eglin with the purpose of measuring

plasma armature bore drag. They are also developing models to predict bore ablation.
They are not performing any advanced bore material's work.

SPARTA - SPARTA is active in the areas of designing, fabricating, and testing advanced
conductor and insulator rail materials: advanced active cooling techniques, solid armature
materials and designs; and barrel prestressing and stiffening designs. Examples of con-
ductor rails include W, Mo, Mo-TZM, and W-Re clad (using solid-state bonding) copper
rails; detonation gPti coated WC rails; and Ti1 3and ZrB-, matrix conductive ceramic rails
(including reinforced grades). Solid molybdenlum rails have been exposed but exhibited
cracking after intltiplt e !,hots (greater than five), Examples of' insulator ruil,' include:
advanced oreanic compoisiie s ( using glass, quartz and alumina reinforcmcuint), high
toughness tailored ceramics, and whisker and fiber reinforced ceramics. Conductor rails
with.ircrnal Cu(1-Ii 11 q. s i•'.-• Lti ye : ooijirg have been developed (u::i;n- ,lid state
hobldlin, to c( msolhtlat- the rails) and te•ctd. A 50 mm by I m railgun barrel prestressed
Using hydratilic pressuri zlatiom to prcvent plasma leakage has been designed, fabricated

*19



and tested. This barrel has demonstrated the use and survival of ceramic backup insulators
and their dramatic effect in minimizing bore deflections. The barrel demonstrated that at
currents up to 1.5 MA that Mo-clad rails eroded only slightly, and that glass-reinforced
melamine cleanly ablated at about 0.001 in. (0.025 mm) per shot.

Supercon - They are pursuing the development of niobium filament reinforced copper
rails foi use as railgun bore conductors. This work (performed under a Phase I Air Force
SBIR) offers the possibility of decreased bore erosion because of the electron emission
properties of the niobium filaments.

Texas Tech Univ. - Much effort is directed toward the development and test of advanced

switch and contact materials, many of which can also be used as railgun conductor
materials. Three different test beds are used to expose materials to stationary and moving
arcs to determine ablation resistance of both conductors and insulators and rapid-fire
voltage standoff degradation of insulators. In conjunction with the current SPARTA
contract, a program has been initiated to screen a variety of advanced insulator and con-

ductor materials, including a large number of reinforced ceramic materials for use as

advanced railgun bore materials.

Univ. of Texas at Austin - The GEDI gun (I m and 2 m versions with 12.7 mm square
bores) is actively used with sprayed Mo on copper 110 conductor rails. At 550 kA/cm,
some spalling occurs of the Mo coating. In addition, another GEDI barrel has solid
molybdenum conductor rails. The barrel is honed between every shot. Quartz strips are
bonded to a G-10 substrate and used for bore insulators. They fracture on every shot and
are replaced, but ablate very little. A 3 m, 45 mm rouind bore gun is currently being used
"to test projectile designs. This gun uses 35 kpsi (241 MPa) hydraulically-pressurized
ceramic cylinders to transmit precompression to the bore components and to minimize
bore deflections. The rails are made from pure copper and the bore insulators are E-glass
polyester. The 3 m gun is a prototype of the SSG B-gun (10 m, 90 mm bore) currently in

fabrication. The use of high-modulus ceramics and molybdenum rails has been demon-

strated to minimize bore deflections and thus plasma leakage. Effort has also been place
on the development of solid armatures that minimize damage to the conductor rail surfaces.

Westinghouse Marine Div. - Two railguns are currently in operation at the Marine

division, the lab gun and the CAP gun. The lab gun is a single prototype segment of the
Thunderbolt System. These guns are used to test out materials, designs, and fabrication
methods of pertinence to the Thunderbolt System. The Thunderbolt System (3 segments)

is currently being assembled.

Westinghouse R&D Center - Much of the Westinghouse R&D effort on advanced
materials has been directed toward selection and verification of materials and processes
for the Thunderbolt gun which is under fabrication. They currently are using two different
guns tor their development tests: SUVAC 1 (2 rn with 1 cm square bore) and SUVAC I1

(varying lengths to !4 rn with 2 cm round bore) that are used to test Thunderbolt materials
and concepts. The following are being investigated:
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a. Control of plasma chemistry through selection of bore materials

b. Solid state bonded refractory alloys clad to copper substrates

c. Graphite fiber-epoxy as a bore insulator

d. DuPont FP alumina fiber in epoxy insulators

e. Low and high carbon content Mo-TZM cladding for conductor rails

f. A120 3 particulate-loaded epoxy (up to 80% by volume) for use as a bore
insulator material. As the epoxy ablates, the alumina particulate may
feed the plasma and reduce erosion of the conductor rails.

g. Pyrolytic BN chemical vapor deposited on graphite, extracted as cylin-
drical segments, and bonded to G-9 for use as a bore insulating material.

2.3 Survey Summary and Conclusions

Although the extent of this survey was limited by the resources and time duration
allocated to it, SPARTA believes that the results give an accurate picture of the status of
railgun materials usage, performance, and development work at the beginning of this
program (in 1988). The information was obtained from conversations with the key
inVstigators at the pertinent organizations, from the literature, and from recent symposia
and meetings. The following items summarize the important findings and conclusions:

2.3.1 General

"• There are about 36 railgun barrel subsystems in the United States either existing

or under construction. Several of these are operated off common power sup-
plies and at least three do not have their own puwer suppiies.

"* With a few exceptions, the existing guns are designed and/or operated in a
single shot mode with some bore maintenance/cleaning required between each

shot.

" The bore materials of choice for a majority of the existing railguns and for a

very large fraction of the railgun shots that have been made are bare copper or

copper alloy conductor rails and glass reinforced resin matrix composite
insulators.

" With the exception of some excellent work on plasma anmature / bore material

interactions, there has been little effort expended in analytically predicting
which materials properties most dominate railgun performance and lifetime.
There has been almost no work in quantifying property goals for railgun bore

materials.

" There have been recent programs (most funded through the Dol) Small
Business Innovative Research (SBIR) Program) to develop specific advanced
materials or materials concepts. These have been aimed at improved rail or

insulator plasma armature erosion / ablation resistance.
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" The emerging "conventional wisdom" of the railgun community is that lower

radial deformation, higher stiffness bores will benefit the performlance of both

solid and plasma armature railguns. However, this effect has not been either

experimentally or analytically verified.

" The requirements for plasma armature railgun materials have been given more

attention than those for solid armature railgun bores. Contamination of the
plasma, secondary restrike, insulator breakdown, and ablation/erosion of the

rails and especially the insulators are most often mentioned as key issues for
plasma armature railgun materials. Rail gouging, armature contact loss, and

bore deformation effects on contrct loss were most often mentioned as key
solid armature railgun materials issues.

2.3.2 Conductor Bore Materials

"• The large majority of railgun shots have been made using pure copper or copper

alloy rails including OFHC, alloy 110, oxide dispersion-strengthened copper
(Glidcop) or MZC (nmagnesium-zirconiunm-chromium) copper. Since most
guns have been cleaned and/or honed between shots, the ablation and melting

that occurs with copper alloy rails has been more or less acceptable for

experimental railguns.

"* Several organizations (Astron, SPARTA, Univ. of Texas, and Westinghouse)
have investigated solid or clad refractory alloy (Mo, Mo-TZM, W, W-Re,
W-Cu, Nb, etc.) rails. The claddings and coatings have been applied by

plasma-spidy, CVD, detonation gun spray, and solid state bonding. Both

SPARTA/Army BRL and Westinghouse have noted fracture in solid molyb-

denum rails after repeated (greater than five) shots. Spallation and/or cracking

of sprayed, CVD, or detonation gun coated rails has been noted, but copper
rails coated by the vacuum plasma deposition process have performed well on
limited tests. Generally, if the cladding or coating adheres to the substrate in

plasma armature guns, erosion and melting are significantly reduced. The use

of refractory metal rails for solid armature guns has been very limited.

MER Corp., SPARTA, and Texas Tech have done limited work with con-
ductive ceramic rails. Methods to toughen these rails by use of whiskers,

chopped fibers, or continuous reinforcing filaments are underway. Much

additional work is needed, and obtaining conductivities that will be acceptable

from a system efficiency consideration is a key issue with plasmia armatures.

"* Very limited testing of graphite rails has been conducted by Astron/Eglin.

Additional work will be done in order to fully understand the merit of this

concept.

"* Multiple sllut. (up to five) have been fired on refractory alloy clad rails without

need for cleaning or honing.
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2.3.3 Insulator Bore Materials

"* The large majority of railgun shots have been made with G-9, G- 10, or G- 11
type insulating rails. In general, G-9 (glass-reinforced melamine) has per-
formed best in plasma armature guns because it tends to be cleanly ablating
and does not require cleaning of conductive char or soot between shots.
Melamine also aids in reducing arc restrike.

"* Astron, GT Devices, MER, SPARTA, University of Texas, and Westinghouse
have tested ceramic bore insulating rails tnd/or backup insulators. Although
structural failures have been noted, survivability has been demonstrated under
proper prestress and/or lower linear current densities.

"* Very little testing of the most advanced toughened, reinforced ceramics have
been conducted

"• Deterioration of surface voltage standoff has been noted on some ceramics,
and is an issue for multishot railguns

2.3.4 Design

* Design of the railgun barrel has been shown to be an integral factor in the
perfornance of the railgun bore materials. Groups including General Atomics,
SPARTA, and the University of Texas have developed barrel designs (and
fabricated them) with the purpose of mninimizing bore deflections, maintaining
brittle ceramics under compression, and in the case of plasma armatures,
minimizing leakage.

SBarrel designs at FMC Corp., Los Alamos, SPARTA, and University of Texas
have made increasing use of ceramics as backup insulating materials in order
to increase the overall radial stiffness of the barrel to reduce bore deflections.

Although this survey was conducted in late 1988, little has changed in the area of
bore materials since that time, so it portrays a relatively accurate picture of the current
state of the art.
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3.0

DEFINING GUN DESIGNS AND

BORE ENVIRONMENTS

A schematic drawing which illustrates the environment of the bore materials in a

current electromagnetic railgun is shown in Figure 3.1. The specific structural, thermal and
electric loads, many of which act simultaneously on the bore conductor and insulator rails,
are listed in Table 3.1. The time scale over which each of these loads acts is also described.

In order to define the exact mechanical and thermal loads which electromagnetic
launcher (EML) bore insulators rails experience, it was necessary to develop a representative

analytical model of a railgun design. The EML cross-section shown in Figure 3.2 was
selected as th. baseline on which to conduct the analytical studies cf Section 4.0, which
resulted iM tht selection of railgun insulator goal properties (requirements). This hydrauli-
cally preste,,sed railgun design has been utilized on a number of existing high-energy rail-
guns, including those manufactured by SPARTA and the University of Texas - Center for
Electromechanics (UT-CEM). The configuration is comprised of a round bore with an

external prestress uniformly applied on the backup insulators. This configuration represents
a prototypical weaponlike rep-rated system. The EML performance (efficiency and bore
deflection) was examined for a wide variation in presumably achievable material properties
for the rail, bore insulator and backup insulators. A photograph of an EML manufactured
by SPARTA for ARDEC based on this design approach is included as Figure 3.3, along with
it's operational parameters.

The EML environment for both solid and plasma armatures were considered to
determine their effects on the bore material requirements. The loading for these two cases

consists of a peak uniform pressure (plasma induced) occurring adjacent to the rear of the
projectile and dropping off to a rail repulsion (electromagnetic) force several bore diameters

aft of the projectile for the plasma armature, and a nonsymmetric rail repulsion force (i.e.
acting only on the conductor rails) only for the solid armatures. Thermal loading also is
dramatically affected by armature type. Since both types of arnlatures arc considered for
future EML applications, and because solid armatures transition to "plassma brushes" at

vlcl.ities above about 1.5 kmi/sec, the implication of armature type on the loads expciienced
by EML insulator rails were evaluated.
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PLASMA RADIATION

PLA&SMA PRESSURE IORCES CONDUCTING RAILS

ELECTRICAL SKIN DEPTH

VOLTAGE JBFRE

RESISTIVE OVETVEHA
(OHMI1C) HEATING TRANSFERt AND SHEAR PROJEC1lLE AND SABOT

PLAWWA ARWATIJRE

Figure 3,1 - Schematic of structurae! ýh~mil arnci &;uctric.•l cnvironment experienced
by electromagnetic launcher bore materials.

"-Bore Bore
Insulator Insulator

\ Segmented Ceramic

Uniforrmly Applied "•X- Support ring
Hydraulic Pressure I

Figure 3.2 - Bsohlnu barrol confiqurafion usud in) antaýlytical mod,'hlng studlu.,
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Bore Diameter: 3.54 in. (90 mm)
Acceleration Length: 275.6 in. (7m)
Peak Current: 3.6 MA
Peak Bore Pressure: 60 kpsi (414 MPa)
Peak Voltage: 22 kV
Muzzle Energy 9 to 14 MJ
Inductance Gradient > 0,38 4.1H/mr

Figure 3.3 - ARDECIDARPA Advanced Composite Railgun and Pertinent Operating
Parameters
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4.0

ANALYTICAL MODELING TO DEFINE
PROPERTY REQUIREMENTS

The analytical modeling of the baseline EML design is based on a 3-level approach
which includes evaluating the effect on performance of tailored material properties at a
micro, macro, and subcomponent materials systems level. It considers the materials to be
composite materials, which would be the most complex situation, but the model applies also
to monolithic materials, since they can be viewed as composites with zero loading fractions
of reinforcement. The micro-level involves estimating the anisotropic composite properties
based on the constituent fiber or particulate, and matrix material components. The primary
variables include fiber type, volume fraction and orientation, particulate volume fraction and
type, and matrix type and microstructure. The macro-level includes multilaminate layers of
these composites for the bore components (e.g. clad rails or multidirectional composite
layups of bore insulators). The subcomponent or material systems level consists of confi-
guring the macro-level components into a barrel configuration and evaluating the interplay
of critical material properties (e.g. elastic modulus, etc.) on the overall barrel performance.

It is at the subcomponent level that material properties can be equated with gun per-
formance. One measure of gun performance is bore displacement during an electrical shot.
Figure 4.1 illustrates the bore deflection for two types of loading conditions (plasma and
solid armature) on a barrel designed with low and high subcomponent-level stiffness. These
diagrams are the result of finite-element modeling. The results support the significance of
tailored and improved material properties on reducing bore deflections. The modeling also
illustrates higher peak deflection values for the solid armature design resulting from the
asymmetric bore loading. This is because of electromagnetic stresses acting alone; the
plasma pressure being absent for the solid armature configuration.

Initial studies were also conducted around a baseline configuration to show the sen-
sitivity of bore deflection to material stiffness. Figure 4.2 illustrates some of the results of
this study. The bore insulator and rail displacements are shown for increases in modulus
values above the selected baseline. The rail modulus (baselined at 20 Mpsi (138 GPa)) is
not as influential as the bore and backup insulator moduli in controlling the bore displace-
ments. This type of analysis helps in directing the study effort to the material properties and
uVre woinpuiezits that have the greatest systems payoffs.
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The results presented in Figures 4.1 and 4.2 illustrate the impact of using tailored high
modulus materials for the bore components and backup insulators in minimizing bore
deflections. The differences between stiff and soft EML designs translate to reductions in
bore deflections of 30 to 40 times.

4.1 Bore Insulators

Ceramics have almost zero plastic strain at failure (0% ductility) and fail catastroph-
ically under load when cracks propagate from pre-existing flaws, usually at the surface.
The resistance to fracture is a material property called "fracture toughness". Work was
initiated to define the goal fracture toughness value for high stiffness ceramic materials
being developed in the program. This work involved calculating the dynamic stress levels
on the bore component free surfaces and relating these stresses to the critical flaw size that
would cause fracture using the equationg:

a, = Cx-- (Eq. 4. 1)

where a,, = critical flaw size

K=c = plain strain fracture toughness
(x = geometric term
a = maximum tensile stress.

The minimum initial manufacturing/processing flaw size that is reliably detectable by
inspection or proof testing then defines the required fracture toughness that will prevent
ceramic failure under a given maximum operating stress. Since both the barrel configu-
ration and linear current density (amps per centimeter of rail height) strongly influence
these stress levels, both soft and stiff EML configurations were evaluated over a range of
current (or pressures). The bore insulator elastic modulus was parametrically varied for
each configuration. In addition, the type of armature (solid or plasma) also has major
effect on the insulator stress distribution. The plasma armature results in an outward
insulator movement during the electrical pulse because of the uniform plasma pressure
loading. The solid armature design results in a net inward movement of the insulator
during the shot due to the non-symmetric loading on the rail which pinches the bore
insulators, forcing them inward.
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Fu~ither analysis centered onl confirming the stress levels in the bore insulator during
the e lectromagne tic shot. The previously reported results were based on two-dimensional
structural analysis of' the barrel system. A more detailed three-dimiensional model was
dcvelopcJ for the high moduluis barrel design and evaluations were made for both plasma
and sollid arm-ature loatth nu conditions, Thle more detailed three-dimensional model results
confirmied thle two-dimens~ional parame-tric results. Thle detailed model also provides the
axial distribution in the viciinity of tile solid or plasma armature.

A represenitative square bore configuration waa also analyzed. because this is the
type of gun which would be used for screening of candidate bore materials it, this program.
T[he relevant configuration selected is that represented by thle FLINT gun design at the
US. Army Armament Research, Developmert! and Enginteering Center (A RDEC) facility,
at Picatinny Arsenal. NJ (simillar to the Plasma Utility Gun (PUG) at Eglin Air Force Base).
'[his design represvnts With it gctioric s..quare bore design and was also used in the
experimental ceranlic insulator screcimiug ,-,,t pro-granri (Section 6.3). We identified some
nimfifications of the bA'Ll N gunil design to provide a higher backup insulator stiffriess and
-.id i ficiitioii of the geometry of' thle boirc 'jisu lator. These mohdificationls were necessary

to reduce thle backuip deflecton11 Under loading and provide- a better test bed for the bore
rail and insulator combination, Tlhis analysis is detailed in Section 6.3. 1.

The modeXilinig and evaluation of property requirements focussed next on the appli-
cabil ity to various lEMI. arrel configurations. evaluation of ceramic fracture toughness
rCequ irenIentIs and thermilal eff'c~t 0[ raiil Clalddings. In order to evalunate the applicability of
out mate rial pro perty reju irenmerits modeling, two round bore configurations were eval-
uated (these represented relevant barrel- con1figurationts being developed at the time).
IPrestress of barrel components can be applied in at variety of ways including both active
hydraulic pressurization and pasiS~ve cured-ini-place residual stress application. Figure 4.3
Jprovide% a se henat ic of the two barrel configurations evaluated in this study. The prestress
IS ISSuIMedL unifornily applied onl tlic backup support ring. Two approaches have been
developed in the design of the bad. up support ring; one uIsinlg a3 Solid ring aInd thle other a
segimented support ril-g. 'The tpnl-iry difference in the concepts is the efficiency of the
e xternal prestress tran sfer Into the iaiI/bore insulator interface. As shown in Figure 4.3,
the( segmen~lted design resuflts inl at 3 to I Increase in the applied prestress, thus 15 kpsi (103
NI I a) externally appl iud providecs 45 kpsi (3 10 MI-a) oun thle rail/bore insulator interface.
TIhe solid Support rinrg design aipproach actually re!sult.S in at stress reduction of' 2 to 1.
I lowevcr, the preload transfer is, not ats c:ritical ats the necessity of the backup support ring
kei rig Constru11Ctd fr'oml at very hligh1 siiffu1ss (mlodulus) material. Evaluations were
coi ii;de ed fo r both of' these harrel configurations tunder plasmia and solid armature envi-
ro I'01CutS, 'I t:rst'1ItS show very little differece 'in thle bore deflection magnitudes and

stiess ic vel dun 'r, thle raili gun firning ~T.Ihese re-sults provide support of the applicability
of our riateri ial s property' roodelinrg to other relevant barrel configurations.
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It was stated earlier that the stiff EML barrel designs translated to factors of 30 to
40 times reduction in bore deflections, Fracture toughness analysis for both stiff and the
soft bore insulator materials was conducted. The required fracture toughness is defined

KI, = S( . , (Eq. 4.2)

where Kk = fracture toughness
S/= fracture strength
M = 1.05 for fabrication-caused surface cracks

a, = critical flaw size.

The minimum initial manufacturing/processing flaw size, a•, that is detectable by

inspection or proof testing defines the required fracture toughness for a given operating
stress.

The probability of flaw detection is a function of the dtickness sensitivity, which is
the flaw size divided by the part thickness. Figure 4.4 shows that a 0.010 inch (0.25 mm)

flaw in a 0.5 inch (1.27 cm) thick bore insulator (2% of the section thickness) translates
into a flaw detection probability of 95%.'() A 0.025 in. (0.63 mm) flaw is 5% of the section
thickness, giving a flaw detection probability of 97%. Ninety-five percent is an acceptable
level of detection probability, so the maximum allowable flaw size used in determining
toughness requirements was 0.GiO inches (0.254 mm).

Calculated maximum insulator hoop stresses and fracture toughness requirements
were plotted for the high modulus backup EML barrel design case. Figure 4.5 shows the
maximum insulator hoop stress as a function of the rail linear current density or rail
repulsive pressure for insulator moduli of 25 Mpsi (172 GPa), 50 Mpsi (345 Gpa) and 75
Mpsi (517 GPa). The rail repulsive pressure (solid armature) causes an outward deflection
of the rail and an inward dispiacement of the bore insulator, creating a tensile hoop stress
on the inner side of the bore insulator. A rail current density of 450 kA/cm was used as
the upper design limit, and as Figure 4.5 shows, this translates to a maximum insulator

hoop stress of 38 kpsi (266 MPa) for a modulus of 25 Mpsi (172 GPa), 52 kpsi (360 MPa)
for a modulus of 50 Mpsi (345 GPa) or 64 kpsi (440 MPa) for a modulus of 75 Mpsi (517

GPa).

The maximum tensile hoop stresses on the bore insulator determine the location for
the required fracture toughness calculation and for the required ceramic insulator strength
determination. The maximum hoop stresses shown in Figure 4.5 were translated into
required fracture, toughness values frr the minimum detectable manufacturing flaw size
of 0.010 in. (0.254 amm). The results are plotted in Figure 4.6 for the three different bore
insulzitor moduli.
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Figure 4.4 Probability of detection of a flaw as a function of thickness sensitivity
(flaw size oivided by section thickness).

The sensitivity to a minimum detectable crack depth size is evaluated in Figure 4.7.
The required fracture toughness was plotted as a function of variation of rail linear current
density and the maximum insulator tensile hoop stress for minimum detectable crack
depths of 0.010 in. (0.254 mm), 0.025 in. (0.635 mm) and 0.050 in. (1.27 mm). The fracture
toughness requirements decrease with the reduction of the critical flaw size that is

detectable. The result of this analysis is that a fracture toughness of 5.0 kpsi-in'2 (5.5
MPa-m'f) is the minimum acceptable value for a bore insulator material with a modulus
of 50 Mpsi (345 GPa) and a minimum detectable flaw size of 0.010 in. (0.25 mim)

The required fracture toughness developed and shown in Figures 4.6 and 4.7 was

used to establish a goal range for toughened candidate ceramic bore insulators in Figure
4.8. This encompasses the projected levels of railgun loading environments,

Figure 4.7 shows the relationship between the operating EML environments of the

railgun to the required fracture toughness and critical flaw size for the solid armature case.
A dimensionless analysis of the railgun was also performed to evaluate the axial loading
due to a moving plasma armature. The analysis was limited to a length of 9.8 in. (25 cm)
to reduce the CPU runtime to a reasonable length. The interface between the rail and the
bore insulator was modeled using frictional interface elements. The soft interface hetween
the backups and the rail/bore insulitors were also modeled. A plasma pressure of 45 kpsi
(310 tPa) was applied on the rail and the bore insulator between the axi.-1 locations of ()
and 2.95 in. (7.5 cm.). The backup insuIlator was prestressed to 15 kpsi (103 MPa). The
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maximum outward radial displacements of the rail and insulator are plotted in Figure 4.9,
The maximum axial stresses for the rail and bore insulator are snown as a function of the
axial location i., Figure 4.10. The maximum insulator tensile stresses (10 kpsi (69 MPa))
are lower for the plasma anmature case compared to the solid armature.
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Figure 4.5 Effects of bore insulator modulus on the maximum insulator hoop
stress for different current densities.
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Figure 4.6 Required tracturt toughness of advanced bore insulators as a func-
tion ot conductor rail current density and insulator moduli.

14 E backup 41 Mosi (283 GPao
E insuiato r = 50 Mpsi (345 GPo/ i

REQUIRED 
/Z

FRACTUrE 2/ -"-

T OUGHNESS, MINIMUM DETECTABLE -
kpnsi,• 10 CRACK DEPTH <- ,.-

------ - --A

6 1.27 mrm .-

4 635 mm - CRACK DEPTH

5,0 350 40r 450 500

P'A1- LINELP CJ.-EhT DENSITY, kAmp/'-1m

40

R..;i P ~Pj 5i,,, Pressire, k;..51

Figure 4.7 fluquired fracture toughness of advanced bore insulitors as a func-
tio'l of miranmurn detectable crack depth and conductor rail current

denstly.

38



20- -

Frccture
Toughness(MPo\) 1,5io

7

0-

Porous. Portlcjlote or Fiber
Reoct;or) Hot Presse Mt,nse Whisker eforced
Bonded High Purity Reinforced Rerforced

Figure 4.8 The range of achievable fracture toughness values forsome ceramics
and ceramic-matrix composites.

70 E bore ins...otor = .50 IS,24•... . GPa)

PON 13akvp- $51 Itps. (3A5 GF.n)

£- 6•60 bo'e Irsalcloi

- 50

-6. E 40

"- 30 H 7

in- 20\
-_: \ K~

o 20

10

20--2-

0 5 10 15 20 25

Axial Locoaion, cm
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Figure 4. 10 Axial variations of the maximum axial hoop stresses in the cotnductor

rails and insulators due to plasma armature pressure.

In addition to thle strength and toughness requirernents which were established for
candidate bore inlsulators, It was also necessary to assess the requirements for high voltage
surface breakdown resistance, This quantity is the maXimium voltage per unit length which
an insulator can stand off across its surface before surface breakdown occurs and an arc
traverses it. The determination of this reqluiremecnt did not re(Uuire any, analysi s: it is a
simple c~i estion of thle anticipated operatinrg voltages and bore diameiters, that will be used
in the next generation of' electromagnetic lauinchers. This vallue in u~t be retinined after
mult116ipl arc exposures, since a plasma armiatuire may' degrade thle insulator surface in the
sameo manner as an art: j umpinrg across it. Ma nvy cerinmic inlsulattors ;ire seenl to c.xhi hir
good standoff strength be fore hecy are overloaded, but theuir su~rface resistance dimrin ishes
significantly after being traversed by an arc, This is because thle arc IMay Cause cheiC1cal
decomposition ot the insulator material leaving conductive decor posuiton products Alii
example of- this is zircon ia-based Cceramics. Zircon i uri OX ide is anl inuherenitly good
instlator, but if an electrical arc breaks across its surface, it causes a filmn of' zircon i iii
mectal to form onl it, reduIcing it', rCSI Stance to Su~bSeq ruerit voltigtlad rg A su~rve) Of'
anticipated railgunl develkopment, revealed thati future bore Jinsulators) will be reuji~red to
stand off between 0.5 aind 2 kilovolts pr- Lcentimete:tr, depenC~dinli onl the c(,itfigtirlaiioil If'

thle 1£ ML sy ster. A value of 1 .0 ) Vcrin 1 the: ruost probab~c req U IifC lICe l f'r 1WI rtnc gnil
dclgs'ný- Fonr ihe u! ue of thiU.II tC.~1 III w . eT~ lv ilt:
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upper limit of 2 kV/cm as our property goal. At least one-hundred shots should be
achievable at this level without the need for cleaning or honing of the bore, SO the insulator
must retain this resistance after I(X) arc exposures.

Based on all of the preceding analyses, the properties which will be required of a
bore insulator in the next generation of electromagnetic launchers are summarized in Table
4.1.

TABLE 4.1 - Summary of Bore Insulator Property Requirements

Properly Required Value
Mechanical Flexural Strength (Modulus of 50 kpsi (345 MPa) (for a probability of

Rupture) failure of 0.1%)
Fracture Toughness 5.0 kpsi-in"2 (5.5 MPa-m1 2)
Elastic Modulus 45 Mpsi (310 GPa)

Electrical Surface Voltage Standoff 2.0 kV/cni for plasma armatures
after 100 arc pulses 0.5 kV/cm for solid armatures

Processing Producibility Can be fabricated to 2.5 in. (6.4 cm)
thick by 20 in. (0.5 m) long forms while

________ ________________________ retaining above properties.

4.2 Coriductor Rails

A detailed thermal miodel was devch ped for the conductor rail materials to evaluate
their key thermial properties such ats speciftic hecat, therma~l conductivity and latent heat.
TheC T1(KICI is at coupled electrical and thermal diffusion model that can account for phase
change in the material. The initial validation test cases were made for thle refert. nec barrel
configurationi ( Figure 3.2) uising two differunt electrical current ramip rates. Figure 4.11
illustrates that localized mielting occurring iii thle corner region increases as thle electrical
ramp time decreases (als wo~l d be thle case in fast niovinrg plasmia arnilatUre), The trade-off
between thle heat capaci ty (both sensi He arnd latent) of' the rail niaterial and the effect onl
the currentl di ffI'S ion ti!)1 m I InSt be prop)erly chtracterized in order to effectively seclct thle
appropriate mnateri al rcequf ire ments.

Thec resuilts )f a second sen S1i ivitv trade-off study, IS also shown in lFigu .-U 4. 12. T]his
shOWS thle tratde*-0if of' rail electrcal con1ductivity wi~ dioveratll gunl cffic~incy. As tile
COindiretVQý (Ivi0 dcraSes, a1 larycr fratction of enri-gy will be deposited as JoulIe heat in thle
rail. II i ghr rai r ricpe rat tires cmi pledl wit tilt~e incr-cas~c in resistance withi tenmpcrature
both cietrFact Irorvr the energy inilripurte to the pro iccti c. As at res Ilt, the overall gun e f'fl-
ccric c drops. l~igulC '4. 12 IiJlltrates for d~ifferrii Starting pointl gun efI~ic-incis tile

:rac-of o c~c~~ii~, ~LUrIK~Irdncijý ir. Miurtrriais with an agglonieraie rail COrIILILCtiVitV
of greater tlraln irpproxriareltc 0(')'.; 1.A.( 'S. are desired, at least for the simiple breech fed
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Figure 4. 11 - Thermal model of rail showing localized melting on the rail corners

during the electrical pulse.
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railgun which was modeled. The acronym "I.A.C.S." stands for International Annealed
Copper Standard. 100% I.A.C.S. is defined as 1.7241 ji(-cm, approximately the electrical
resistivity of pure copper. Thus, 60% I.A.C.S. is 60% of the conductivity of pure copper.

A detailed thermal analysis was developed for a peak linear current density of 400
kA/cm to evaluate the effects of cladding material properties (i.e. ablation resistance and
electrical conductivities) on the interface temperatures of the cladding and rail conductors.
The applied current history and the initial surface current distribution are shown in Figure
4.13. High ablation resistant cladding materials such as refractory metals and graphite

coatings reduce the ablation damage.2'-' 12
.

1 3&l14 However, lower electrical conductivity
also increases the current penetration rate and causes a current concentration at the clad-
ding/conductor interface. Figure 4.14 illustrates the initial results of this trade-off study.
As the electrical conductivity (% I.A.C.S.) of the cladding is reduced, the potential for

mehirig of the rail conductor at the cladding/conductor interface is increased, as shown.

CUIRRENT TRAJECTORY BASELINE RAIL GEOMETRY
PEAK CURRENT 1.6 MA BORE DIAMETER 5 CM

RAIL LINEAR CURRENT RAIL MATERIAL cU
DENSITY 40 kA/cm 20 1 ALLOY (AI-60)

00 2

Time. ma

30~

25 2

2 - INITIAL SURFACE CURRENT

Suwroce Location

Figure 4.13 Thermal,. ¢efrctrical current diffusion analysis for EML rails
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5.0

MATERIALS DESIGN,

FABRICATION AND SCREENING

At the start of the program, a large nUm11lber of advar -ed ceramics proiluccrs wa%
contacted regarding their recon tiendations for systemis to he investigatedl that might have
thle potential to meet thle rcquiremients listed inl Table 4J,1 These recominrendations were
combined with at review of' the literatiire arid with SPAR IA's own kno-Aledge: of both
advanced ceramrics and (if raiIgrin needs to arrivo a[ t anUmbher of' ceramic systemis and
chemnical compositions to be investigated and ceramic vendlors to work with,. Woirk began
on thle development of ceramic prototype panels to provide rnai1eraal for screenin rigtsts itt
order it) Nelcct the materials that would be scaled upJ later ill the prograi ii.

The ceramlics manufacturer Cvrcorn, Inc. of' Vista, Call torrn a was chosen to) fabricatv
ceramic panels by hot-pressinrg. III thle Case of' comipo s ito co ri pos it rins . Ce recoii was al so1
responsible for blending rei nforcem ibil SLih ita, si iL~or cditi idu whiskers withi tile ccranirre'
powders. and then fuiring thle molds with these rmix >tures bef ore: 11(1prcssiq ri (v rcomli pro
vided val Iabie advice in se lectinrg ceramnic Comrposit iorn' and ill roI,(iiiiieiidil lip si riteririg and
other proc~ess i rg aids to he aIdded to thle ceramlic po wdeIVt( frrluiiliIat io n s

5.1 Advanced Ceramic Insulator Design Approach
'1The approach that was takenl I0 fornIulate1 advanced cerainirir Intriliat maijarials III

this program was to begin on thle niicrostrulctural level, andal usin), the prirrcipdes (of muokIrn
mlaterials scienice, deina matelirial inl the same wa 1,1 tha 11 rINMIwhuuill crleninee wouild
design it niachine. We will Call thlis rmcotnii~itailoring (soirrelirlies called uri60,0

architectural design). Shown in '[able 5.1 is a1 snirumamy11I ofI irev possible designl Inethiod,
available for the micirostructural tailorinig of advanced ceramiic composite mnaterials ito
meet the mlechanlical and electrical eNLirernerntIA' Of figiih-COerV aLY I'dins.11h WV Utii'/Cd

these: tcchna~juiI: to dvsigti several different Ceralmo.c imia1lrials. Otn (1hk eVl ()I cry ,t1il
strUCture. tCc-hni(Jt1ies o~f lid Solu1111 tenth01iii were ulsed( 1() corrhte rncene InI
opItirnunll rtOH. lilthe IlliCiosirLIrctntal level, grs phiurs srntu igq rids were [I,',-d to

aIssure high denlsity amnd rraimrrinriu1 ilICItelgraniilar adhVioell. Oi he OItroru IIIamI1(tIRS le1el,
whiskern'cinlocemncrr Wit sd tI( 'PLCiejSC Itoug!IneS.. (In elevl ofIL k feitrdVnilniL

iior ,, rc'i t LA! id~~i, tii oi irdiii~. * Iioi vy r
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plasmas. All of thcsc aspects werc. swessfulIy ii,,tegrated into a miaterials system design
approach with (he goal of satisfying all of the properly goals discuss;ed in Chapter 4. Some
of' the tr~eniques tnentioncJ in Table 5, 1 are described in more detail below,

(.hoi(e oj'Maitri Miurriul -Alumina ( A!.10,x silicon nitride (Si,1N4, and sil icon
carlbidc (SiC) are the mostly widely used advanced ceramic structural materials utilized
today andi thus ho ve a large experience base and supplier base ror raw material,. 1)nfor-
tunately, it has bectn shown that the conductivity of' sil icon carbide is too high to providec
sufficient electrical insulation. so it cannot fie considered unies s heavily lonaded with all
additivc that desti oys the conductivity of thle S iC, such a% mull itc, Another matrix material
of interest is atlumin~um nitride (AIN) which is incrc~asing'ly beiny ujsed hccaiisc of it's high
thermal conductivity. /.ircorlia is also Vga11,Ifing iii irponanicc. 11slial ly Li sed in) a SlIiailf/e
or transf on uauon toughened 1-11 oI 11 ormi I witjl Iitlj uniinaj, 1 loWeVVr, pjre vious Worlk h~aS
Nhown that ceram'ics with over about 10'11' ut conia decomrpose Iln thle jaesence oif a high
power arc- to leave I fin of zircotiiutri nctal onl thle urf'aCC, WItiLti I, tIItarC4jllIlI fot
rat Iguln n11nlato; use,

)urirq tis'11 progrtoi, the at';tiix nwiiaake~l All ,( ) Si,N,4 , A\IN, and Zr%),, v~'crv
II)ve~iya 'I s polvilutal iIn~inkI tindtchfil5 I IowtevLi, tile AIN' ard Zit), wc (lItlkly

d(olt)J(c4 frloiel considtfc;itjtpaII f'%uetev (~ij~i~f itiliiihrn ith them I Late
Ill fIL'I p)r4grdriI, tile AlA), lih laISitciteials werec doawnr-svccitcd hased otil Iftell ext-clIvInt
coPlrlaibaatiol 0f witllflns~s, ticlipgrit, ar- *etI-, 1iprl',li i,N, mratrix imiterials
also ;bosscs~ed cur'vivllvn mI'4llvalliyt;I pn1411vu'r.Iv, 111't !1v f onlyCLIlfOLt~ ~..e ii~
11narriinal foi lailk!rrar usce

8111111%i~4Ii I 8,11 1 / Sit/JI1'I~ - 'I liv 4 tnl s' tilt1 5 l 'at sotril 'rolan conlsideretd fo
- tile a111111IiSs N1 Intielest 1% O'?rIIeuria (l 0),I a: anr additIve to alurtr,111,i It ha~s beevn shitil

tuo he elifeLtive ini lotei0(ICi 1'11li001111% (l01, thanI I S',; 1'V! WIii~'l)Ill JIIt ,fi. TLI~In tile OtreIgIh-
oft alliIIII~Ia JIlLe .IIfIltioii (if th1c (lirounid lo 01 the~ n *rlwr i~IIrrIINt dill 111)1 c(tttljttnnise its
Il)L'LI311itald 1)ittt!!4- (I;110 rr 0;~ilvhtivilltites m) St~ticj'i!i) adIiil itile' v) laise tirv WerIbuU
Nlifulto. values%, 'I lic miiajupial sfrNItcivi IL10t !141111 flourt addIitIoln Ill t-lrroirua, hIomvck,c
";INs raIIIIjm Nuivv l stir; ace, ýolt~lo'r S1taithiff sliift -Itit 'I ho~ rL-11)11 ait v.i u)CJn sta11111-t ile- r i ll,

htilti':rits of tIllu fid*f1) 'ia Lt11il~l Al),( tF3)/; ), J 1 ' 1) ~,)( w., to fCCilt
thev fo~rI rt'IIIIII of Sul fLILL cLlthiiLtrtl L' SI)LT s Ill the:11VV~L Ill~rk " 1 J.l hr ClI VI CIVL 11 Iet' Mcacs,

Gii ýfRJiu*!-A munwu IIIIIILI i'I Milt S, I this call bc aroralsle li t-vr

.rrrf 111re, Ind thev 11-A. Ill fruev stivti11, l~imfI'd rv I ill 11t, 11iatuseýs of lltritllt½ ritteCNii 1
IhiVLe ICLIartIJr''N LAIr 1W krIIlI/CLI lit-ettirur (11i~uf~'i c~l~ttc/hr'tasti~
tari O wn: ltlvk '.5.tf1 1() dchttrrttri1 M I hi; lutI ssrt'N Ii' 01111LIIt'ItI II, % ',I t\Jhll drIJV 111tv411M

5% ilthttl .itru l s\e r t L.I...j ViI% (* I ',( ),1 1 ath / H t tlid' /10 Jlk C i-th I'll

1.1111flllt :.11Cl d~
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A review of the scientific literature on advanced structural ceramics revealed that a
10 micron (0.(XX)4 in,) or smaller average grain size would be necessary to produce the
mechanical properties desired for the railgun insulator ceramic. However, this small grain
size would have to be reached without compromising the density of the ceramic material.

In order to achieve smaller grain sizes, the processing temperatures must be reduced. This
can often lead to less dense materials. Thus, a compromise between processing parameters
(temperature and time), glassy grain boundary phase formers, and grain size was reached
through iterative development.

Table 5.1 Microstructural Tailoring Techniques Utilized In Design of Advanced
Ceramic insulator Materials

TECHNIQUE GOAL COMMENTS

Matrix Composi- Determine Ma!rix Chemical Com- Oxides, Nitrides and Carbides are
tion Selection position With Potential to Meet Viable Systems

Requirements When Adequately
Tailored

Solid Solution Improve Strength of Material Too Much Can Reduce Fracture
Strengthening Toughness; Solubility of Additive

is Important

Grain Size Roln- Reduce Graiii Size to Improve Accomplished Through Grain
ing Strength and Toughness Boundary Pinning Materials, Mini-

mization of Consolidation Tem-
perature /Time, and Fine Starting
Powders

Glassy Phase Sin- Reduce- Consolidation Tempera- Glassy Compounds (Yttria, Alu-
turing Aids lure Through Use of Lower Toni- mina, and Zirconia Compounds)

perilure Grain Boundary Phases Frequently Used, Care Must be
I aken Not to Decrease Tough-
ness, Full Density Desirable

Whtiskur/Platulet Optimize loughiness/Streng!h of Reinforcement Must Be Compat-
twfunlrorciuint Material tI rough Addition of ible With Matrix at Consolidation

Appropriate Refinforcemerit Temperature, Proper Amount of
Bonding to Matrix is Vital

5Ucoiid tia',. Creation of Second Phase at Grain Same Glassy Grain Boundary
lnruriglluienrllg 1Botunldaries Can Strongtheri/Toug- Phases As Above

hen Malenal

Contihniuow t ibur I fgh 1 ernpurature Continuous Beyond tite State-of-lhe-Art for
liuniforurivurit Cerarnic Fibers Can Strunjtlh the Sizes and Properties Needed

eri, oughr•n Curamics

I e(wfcji•!atioii loughiurl thu MItrix by a Phase Only Used in Ziruonja Based Sys-
Ir1jLJ1jtiUlllJlu I inilornitlion Ito Put Simuniru in fornls
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Glassy Phase Sintering Aids - Without the use of these materials, it would be nec-
essary to consolidate alumina and silicon nitride matrix materials at such a high temper-
ature that excessive grain growth would occur. Thus the same materials that help pin the
grain boundaries (described above) also act to form a glassy grain boundary phase that

initially melts and flows to fill the intergranular spaces, and then solidifies as diffusion
occurs. This action serves to promote low porosity and good intergranular bonding. The

materials used are called "sintering aids", but they work equally well with hot pressing
("sintering'" usually refers to a pressureless process). In this program, zirconia and yttria
were added to the alumina (A120 3) matrix as sintering aids, and yttria and alumina were

added to the silicon nitride (Si3N4) as sintering aids.

Whisker/Platelet Reinforcement - The term whisker, as used in this report, refers to

an acicular (needle-shaped), microscopic single crystal of a high-strength, high-modulus
ceramic material. Silicon carbide is the most widely used reinforcing whisker, but
whiskers of aluminum oxide, titanium nitride, and boron carbide are also available. All

of these materials are in the size range of 0.5 to 2 microns in diameter and 10 to I(X) microns
Mn length (25.4 microns equal 0.0X) inch). Being single crystals, these materials tend to

be exceedingly strong since they lack the strength-limiting defects that are normally
present in bulk materials such as voids, inclusions, and grain boundaries.

Reinforcement with silicon carbide whiskers is probably the single most effective
strocngthening and toughening Mechanism for ceramic materials. It has been demonstrated

that a whisker addition of 20 v/o can nearly double the fracture toughness and quadruple
the flexural strength of hot-pressed alumina materials compared to their unreinforced
counterparts. 5 There are five diffeiLcit mechanisms by which whisker reinforcement may
increase the strength or toughness (or both) of a ceramic material:'6

1. Load Transfer - High modulus/strength of whisker can carry load

2. Matrix Prestressing - If Coefficient of thermal expansion is greater than
that of matrix, the matrix will be put into compression during cooling
from consolidation temperature

3. Crack Deflection - Stress state around whisker can blunt t: ... or
increase work of fracture.

4. Fiber Pullout - If fiber/matrix bond is relatively weak, energy can be
absorbed in fiber pullout, increasing toughness

5. Crack Bridging - Fibers may bridge cracks and raise threshold stress for
further crack extension

Of these five mechan isrns, fiber I)111-out Is most frequente IV crcdiecd ,k itIh toLg hnes\
improvement in ceramic materials. Load transfer is the primar' micchan isnr f•r providing
strength improvemert. Both of these phenomena can occur together providing that thc

shear strength of the whisker/matrix interface is within a certain range. Thus the con-
solidation temperature/time must he compatihlc with the whisker in ordcr ') produce an
ideal amouint of ihisker/matrix bonding.
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PAladcts can also be utilized, though they are usually not as effective as whiskers

because of the whisker's geometry and mechanical properties. The electrical properties
of the reinforcement material Must also be taken into consideration as too much SiC added
to a ceramic will unacceptably increase the material's conductivity.

During the course of the program, both whiskers and platelets were utilized. The

whiskers (two different grades were investigated) were added to A120 3, SiN, and AIN

manices, and the platelets were added to AIN and the AI0 3. It was quickly seen that the

platelets were too large in sla, and acted as crack initiators, destroying the toughness and

strength of the matrix material. The whisker reinforcements worked well if kept below

about 20%, producing significant increases in toughness. Above this, they would
decompose under the arc exposure and lose their surface voltage holdoff strength. The
whisker effects on the alumina mechanical properties were not as pronounced as on the

Si 3N4, and because of their effect on the electrical properties, even at lower loadings, they
were dropped from consideration for the alumina matrix material. The AIN and silicon

nitride materials were eventually dropped because of their electrical properties. However,
for certain railguns, the use of silicon nitride can probably be tolerated, and in that case,
the use of SiC whisker reinforced silicon nitride would be beneficial.

Second Phase Strengthening - Ceramics can be strengthened by the addition of a

material to the matrix that promotes the fomiation of second phases in the microstructure

that act to stabilize the structure and create residual compressive loads, which raise the

strength and toughness of the material. The same additive materials that promote glassy
grain boundary structures and reduce grain size act as second phase strengthening agents.

Continuous Fiber Reitnforcement - Much effort is underway to develop continuous
fiber reinforced ceramic materials. Because of the thennal limitations of existing fibers,

the choice of matrices is rather limited. Much work has been done with glass-ceramic

matrices, which are processed as low temperature glasses and then turn to high temperature

ceramic during the later stages of the processing. However, the current state-of-the-art for

continuous fiber reinforced ceramics is far short of what is needed to developed full scale

advanced ceramic insulator segments for railguns, and none were investigated in the

program.

Transfbrmatioti Touyhtening - Transformation toughening is a process where a crack

front will cause a phase transformation which results in a local volume expan\,ion, thus

putting the material ahead of the crack tip into compression, and blunt ing the crack.

LUnfortunatelv, this miechaniSIll o0llV Occ urs in zirconia, among the matrix materials of

interest and, as mentioned previously, zirconia cannot be considered a candidate material
because of it's poor electrical behavior in the presence of an arc. T'hus. transformalion

touchening as a micro-architectural tailoring method wvas not inmcstigitted.
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5.2 Fabrication of Ceramic Insulator Materials

The first panels fabricated in the program were 6 x 6 x 0.25 in. (15 x 15 x 0.64 cm)
in size. The as-pressed thickness was actually 0.375 in. (0.95 cm), but they were ground
down to 0.25 in. (0,64 cm) before testing to remove surface flaws. As many as eight panels
of this size could be consolidated in one hot-pressing run. Later in the program, numerous
eight inch (20 cm) square panels, two 1.5 x 4 x 8 inch (3.8 x 10 x 20 cm), and one 1.5 x 4
x 18 inch (3.8 x 10 x 46 cm) blocks were produced. This chapter will describe the
fabrication of a variety of ceramic compositions for use as railgun insulator materials. It
will also describe the preliminary mechanical testing that was performed on these panels
to screen out those ceramic compositions with obviously inferior mechanical properties.

The first of five hot-pressing consolidation runs was designed to establish the process
feasibility for producing high stiffness, high fracture toughness ceramic insulators and
conductors. The materials shown in Table 5.2 were consolidated at 35(X) psi (24.1 MPa)
and 1350°C (2462'F) for 4 hr. The purpose of the initial run was to establish the feasibility
of relatively low temperature processing that would be compatible with SiC whisker or
platelet reinforcement. Density values of the diborides were between 65 to 75% of their
theoretical density and those of the Al-based ceramics were 80 to 90%. These low densities
indicated the need for higher processing temperatures.

Table 5.2 - Ceramics Consolidated In the First Hot Press Run

Matrix Reinforcement

Conductor Ceramics
ZrB2
TiR-
TiB 2  SiC,

Insulator Ceramics
AIN
AIN + Y20-

AI;,O--YO,-ZrO-

The panels consolidated in Hlot Press Run #1 wcee sliced up using a diamond saw to
pro0duce two strips 2.0 x 0.5 x( 0.25 in. (5.1 x 1.3 x 0.64 cm) from each of the seven plates.

Metallography specimens from each of the plates were prepared in order to examine the
inicrostrUcture (pore structure, Voids, etc.). The results from this run. were used to select

processing condito•n:; (timle). p)res.,SUre, temperature) foi the next set of' runs, #2 and #3.
"The compositions of each panel •ind their final densities are listed lin Table 5.3.
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TABLE 5.3 - Panels Consolidated In Runs #2 and #3

Composition' Density (g/cc) % of
Measured/ Theoretical
Calculated Density

Run #2

a Si3 N, - 10% SiC, 3.271 /3.290 99.4
b SiN 4 - 10% SiC, 3.271 /3.290 99.4
C Si3N4 - 8% Y203- 1% A120 3  3.282/ 3.30 99.5
d SiN 4 - 8% Y20 3 - 1% A1203  3.289 /3/30 99.7

e AIN - 0.4 Y203 3,271 / 3.294 99.3
f AIN - 0.4 Y203 3.274 / 3.294 99.4
g SiC - 30 v/o Mullite 3.033 / 3.188 95.1
h Si3N4 - 30 v/o Mullite 3.077 / 3.250 94.7

Run #3

AIN - 0.47OY203 - 25v/o SiC, 3.248/ 3.273 99.2
A120 3 - 0.25%Y,0 3 - 8%ZrO2  4.076 /

k A120 3 - 0.25%Y20, - 8%ZrO2  4.061 /
I AIO 3 - 0.25%Y203 - 8%ZrO2 - 3.990 /

5%CrO,
m A120 1 - 0.25%Y2C3 - 8%ZrO 2 - 3.948 /

5%CRO3

All valueb are in weight percent unless designated by Vo (volume percent)

Six consolidated panels from hot pressing runs #2 and #3 were selected to be cut into
moIdulus of rupture (MOR) bars, arc erosion test specimens, fracture toughness test

specimens, rail test specimens, and metallography specimens, The cutting pattern used to
make the various kinds of test coupons from the panels is shown in Figure 5. 1.
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Fl~gure 5. 1 GIutting map for consolidatord 5 x 6 inch advanced ceramic panels. 1)
Halil tost spuccimen (6 x 1 x 0.25 in.). 2) Arcltest specime-is (2 x1 x
v2 :_,"n.). 3) [fan(ulu 1cuuhfiess couponfs (o 217 lb x u.315 Y 0.250
it)) 4) MOfi bars (3 x 4 x 50 nmm). 7 hu. MOHl bars were also usedi
for metallograplty alter testing

'I lit Ia! re Jlcir Icniliraturc was, mvershot by apioximaiitelc ( oI5C o

;1 t, as eVRICdeitLI 11V indViI-tic. "Iava cutititts "'Isldo: on] the( snilaco, of, thu panls~c.
I ivImld wvIc dif,~isd.iid, mnd tIn[1 114 wasý pfie"Sed ;it a latecr date usisln all the: Saiiic

CWii~It1ttt'Hit 'Ir IC ;VeI1IgC lit1thilditiS0 (If iptW 'hsliiiVAC t01111 JIIiatiialk pi-oiickd in) Run C

'I het INIOat L I(I thlfi ehiss " eiiin weiW SVent to T'leiiat SysWtes InI Salt LAXe 01tV,

'[ill il 11test 'I IW MiC rioSion/thje1itnal s11014 te-St nails(wo from e;.Ithi p)late) werc Sent
10 '!\i CX'I etti- I 'IMIifVeii iii esic~i, (described )in St.ctioii 0.2), Thli ml-tilt]!flijhi

SeI:Ii it IfItf' WVIC n11Iijiritd Miid J)t )I-i sied Ni R'vc;i thu Iflcr otiet inc of the ct)IIlstlih&1ted

II ik [ 9 d-IA ) l-I.' ! L I ) V.I(. 11it it I-,1 d 'I1)-f id il 01) W a',ý
1-'Pýttl 1 (1 tl 1t~l\ 1' 1( ,C I' l-1 ' 11 1 , w L'( l W w'A Im)"



TABLE 5.4 - Modulus of Rupture Results from Run #2

Material MOR Strength (kpsi
(M Pa))

b Si3 N, + 10 v/o SiC 97.0 (669)
104.0 (718)

d. SiN, + 8w/o Y203 + 1 w/o AI203  109.7 (757)
106.6 (736)

f. AIN + 0.4w/o Y20 3  43.4 (299)
40.0 (276)

g. SiC + 30 v/o Mullite 53,8 (371)
56.2 (388)

h. Si3N, + 30 v/o Mullite 63.0 (435)
55.2 (381)

i. AIN + 25 v/o SiC, + 0.4 Y20 3  67.6 (466)
65.8 (454)

TABLE 5.5 - Panels Consolidated in Runs #4 and #5

Composition Density (gicc) %0 o
Measured/ Theorttical

Calcu!atod Density

Run #4
AI,O 3 - 0.25 Y203 - 8 ZrO-, 4.090 / 4.127 99.1
AI?0, • 0.25 Y2 0 3 - 8 ZrO, - 4.127 /4.127 100.0
5Cr2O3

AIO, - 0.25 Y,Q - 8 ZrO, / 3.765 / 3.815 98.7

30v/oSiC(
A120, - 0.25 YO, - 8 ZrO. / 3 799 / 3.865 98.3
25v/o SiC piatelets
AIN - 0.25 Y,O, - 25 Si:,N, / approx 76%

Hun #5
AIN - 6 Y?,), "65 /3.30 102
AIN - 6 YO, - 25 SiN 4  3 j51 / 3.27 102.5
AIN - 0 4 Y2O, / 25v'o SiC, '3 249 /3.273 99.3
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The processing temperature used in hot press run #4 was too low to consolidate the
AIN - 0.25 Y 20 3 - 25 Si3N4 material so it was repressed in Run #5 with a higher percentage
of yttria (6% versus 0.25%). This greatly improved the densification. Two of the density
values for materials consolidated in Run #5 are slightly greater than 100% calculated
density. This is because it was not possible to make an accurate prediction of theoretical
density due to lack of data on these compositions. Modulus of rupture strengths were
measured for the panels from runs 4 and 5 and are presented in Table 5.6. The relaively
high quality of the panels is reflected by the narrow spread in MOR values, given that they
were cut from opposite corners of the relatively large panels.

TABLE 5.6 - Modulus of Rupture Results from
Hot-Pressing Runs #4 & 5

Material MOR Strength kpsi (MPa)

SiC - 30 vio Mullite 53.8 (371)
56.2 (387)

AIN - 0.4 Y 20 3  43.4 (299)

40.0 (276)
Si3N, - 8 YO, - I A120, 109.7 (756)

106.6 (735)
AIN - 0.4 Y20, - 25 v/o SiC, 67.6 (466)

65.8 (454)
Si3N, - 30 vwo Muilite 63.0 (434)

55.2 (381)
Si3N,,-8Y,O,-1AIO:,-10 v/o SiC., 97.0 (669)

104.0 (717)
AI,20-0.25Y20 3 -8ZrO2  89.4 (616)

96.3 (664)

AilO 3-0 25YO,-8ZrOŽ-5Cr•,O, 97.3 (671)
90.0 (621)

AIO,0.2fl'( 2O3 -8ZrOQ.-30v/cSiC, 74.8 (516)
79.9 (551)

AlQO-0.25YQ-8ZrO,-25v/oSiC,,, 36.7 (253)
39.0 (26-9)

AIN-6YO,-25SiNN 56.1 (387)
19.8 (343)

SbN,-8YO 3 -1AI,,O,-5SiC, 123 5 (852)
"124.3 (857)

SI:•N4-8Y, 0,-1 Al .0, 1 5,Cý 1V,34 (782)

16 5 (803)

All cornposhtiwrs given in weignt perc_,nt jnless. ,thorwise staled
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As the values in this table show, the SigN 4 and Al 1,0 based materials have the highest
modulus of rupture (MOR) values. The AIN based materials, with or without reinforce-
ment. are lower in strength. The only material that doexs not follow this trend is the SiC
platelet reinforced Al20 material in which the recently developed platelets were so large
thOt they icted as stress risers and led to failure at low levels of flexure.

Three of these materials were selected for the fabrication of additional MOR test bHrs.
This was in ofder to provide enough values to determine their Weibull modulus. The
values measured are reported in Table 5.7 and plotted in the standard Weibull statistics

form in Figure 5 2. It is generally accepted that a minimum of 12 test bars is necessary
for a valid Weibul, modulus determination. H lowever, insufficient material was available
for this number, thus, the Weibull curves shown are for comparison only. It is seen that
both the silicon nitridc and silico;1 carbide whisker reinforced aluminum nitride materials
meet the ooal 50 kpsi (345 MPa) strength for a failure probability level of 0.O() I (i.e.9.9'(
reliahility).
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TABLE 5.7 - Modulus of Rupture Values Used for Welbull Modulus
Determination

Material MOR Strength kpsi (MPa)

SiN,-8Y2O,-1AI2O3  109 (752)
96 (662)
105 (724)
110 (758)
90 (621)
109 (752)
97 (669)
106 (731)
107 (738)

Average: 103.5(714)

AIN-0.4Y20 385 (55.9)
398 (57.7)
361 (52.3)
414 (60.1)
363 (52.6)
400 (58.0)
376 (54.5)
375 (54.4)

398 (57.7)
398(57,7)

Average: 387 (56.1)

AIN-0.4YQ-25v/oSiC, 508 (73.7)
550 (79.7)
489 (70.9)
5A4L9 7.9I

Average. 523 (75.8)
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As seen in Figure 5.2 the allowable design strengths are indicated by the point where

the Weibull modulus slopes cross the Probability of Failure line at 0.001 (99.9% reli-
ability). These design allowable strengths of 43 kpsi (296 MPa), 51 kpsi (352 MPa), and

69 kpsi (476 MPa) are respectively 77, 67, and 67% of the average values taken from
Table 5.7. Thus, the three materials tested whose Weibull slopes were all above 13 have

a relatively narrow distribution of flexure strengths in the volume of materials evaluated,
indicating good control of raw materials and process parameters. Their design allowable

strengths are more than two thirds of their average strengths. For some advanced ceramics,
the values can be as low as one third to one half.

Figure 5.3 is a plot of the Weibull equation reconfigured from Figure 5.2 to show the

effect of Weibull Modulus on the ratio of Design Strength to Average Strength for three

different values of Probability of Failure, 0.1, 0.001, and 0.000001. As can be seen, there
is tremendous payoff in raising the Weibull Modulus to a value of about 15. The curves
flatten out somewhat above that point. Low grade ceramics typically have Weibull values
from 3 to 8. Thus, in going to a high quality structural ceramic with a Weibull value of
13 to 15 or higher, a tremendous increase in design strength can be realized. For example,

take a ceramic with an average MOR strength of 80 kpsi (552 MPa) and use the probability
of failure ratio of 0.0(1. The design strength would vary from 21.6 kpsi ( 149 MPa) for a
Weibull Modulus of 5 to a design strength of 52,8 kpsi (364 MPa) Ior a Weibull Modulus

of 15; an increase of 144% in design strength brought about from the increase in Weibull
Modulus. This explains why it is important to measure the Weibull Modulus for the

developmental ceramic insulator materials.

100,

Pf 0 1
90P __ _ _ _ _ _ oi

70

- U) 60,

"q •) 50

40-

20

C. 19 U 5 2C 25 3' . 39 49 ,,

V/ e ,IwI MCd Ius

Figure 5.3 7hu offcc•.I of Weibuil Modulus on meic ratio of Cocsign stre(.i'tt, to
average MOR strength for different values of provability of failure.
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Valid fracture toughness results on six advanced ceramic materials from runs 4 and 5
were determined from specimens tested at TerraTl'k Systemns Inc. in Salt La~ke City, Uta:h
using a Chevron notch short beam test specimien. Figure 5.4 showvs the configuration of'
the Chevron Notch short beam Coupon, a SIENB fracture toughness couponl (described
later), and a standard MOR test bar.17Ih The Chevron Notch short heam fracture toughness
test is conducted by inserting a n mercury-filled stainless steel bladder into the notch and
pressurizing the mercury until thle specimen fractures, The pressure versus displacenicnt
traces are plotted and the fracture toughness determined: by thke maxlimuiu ;wad. The slopcs
of the Curves are examined to determine the. validity of the test. Somle of the specimeners
tested did not prxcluce "valid" fracture toughness values becauISe of' the residiial stresses
in the material caused by rein forccments (whiskers or platelets). Thkese speciniens werv
cut from 0.25 in. (6.35 mm) thick plates arid were the only sized Chevron notc~h short heiiai
fracture toughness test specimien that can be uised, If larger sizes COUIld haIvC been1 usd.
valid results on additional materials wouild have been) poss ible,

Shown iii Table 5.8 arc the results of' the vknld fi timure touigh ness te "ts condlic ted in)
this series. The AlIN material exliibited by far thc lowest fIactLP, ur oughueCS , 'Ihe nut c -

inforeed altuniina inaterials were both ahove 3.5 k p.i9iMn' ,3.') 1 I ".,i ) , vet)' gi x td for
Unreinforccd iluriiinil. Upo)11 adding. thie whisk-ers or fl;Itceles to thie ~ilnnnnina, t ine to 1111t.eSs
inicreaised oto bove 5.0 kp~slii'n(5,55NIa'i' )1 'I'l is coinMLC Id Withl the 1IN&Vwe hun do'f
the fracture touLghnes, goall Iithit wits duetriniined in C hapie r 4.1, The goal represewnts the
valueI needed to) survive the- CM1111ronhlkuit1 of*a 'If) erin'ci railgotnn br iho un
tractu1Re. ']'Ine UrireCinforccd silicon nitride mnaterial ha-d at fracture tougriness Wt 4,2 (j

kroiin t '~ (4.7 Mf'a-i 1i"), slightly' O)OVe what is to he eXpected 11'0111 uIHiCIennITmnIe siL01)
nitride. Tvsts of' tine reinforced silicon nitrideL hiad to he repea;ted With al d11ifferet typt of
nest specimnen configinraton iii ordcr to ohtain valIldesls
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TABLE 5.8 - Results of Chevron Notch Short Beam Fracture
Toughness Tests

Material Fracture Toughness
kpsi-in'? (M Pa M1,2)

AIN-0 4Y 20)3  2.6<4 (290)
SiNA-8Y 20]*1lAI,O, 4.26 (4.68)
Al,O,-.025YO5-8ZrO, 3.54 (3.89)
Al,QO,-.25y 2q.-8ZrO,.5CrO, 3.55 (3,90)
Al.,QA'0,25YO3.8ZrO,.5CrO, 3.73 (4.10)
AI.,O,-025Y?,O2-8ZrQ,-30SiC, 5.16 (5,67)
Al..O,-.025Y,.O,-87rQ,-25SiC. 5.05 (5.55)

the sanie M imei as INe modulus of rupture test specimens Ouknr point bend fHxure).
I [clLiic lohrn~Iie ss v'alute% were calculated fromi the known notch rgeomerry and thle
rIaiimntii) load.

MNh xlii rs () ruplt tire anld Irae tUre tougýhness test speVOcimeS for tile four differe nt
advanced (el aniei mnisiktor mnaterials that were riiade into rails for the ntxif'ited [LI NT
baneI (CeMt io 0)3 were fahrmcLitd. IheC frActur tughness specimens were mnade with
tie 1%~o di Iltciiit dcs igi s, S[Ni-A inlBeg ni dehedl heamv) type and ('hevroii notch short
I 'v.r; ii type T he t wi dif lere t test specime inrtypes, were used because, as previouISly
mrentioiieu, it %ýas deteiriniied that tire Wie of 'hevonm noptch Ahot beamn type fracture
toughines tesi lpevtinier diat was posible (because of tlie 0,25 iii, (6,4 inm) thickneiss of'
file ils pressedl L-Vi aiic piafes.I does trot give "valid" results for somle types of wYhiker or
artilculate loaded cer;'minres, TIhus it was necessary to test speci incuis of' both typesý to

Csmabhish a ckweldauioli Milfi penu iv tsted tiaterials

Siiown iii Iiii~we .51 k a hsimig of tir result front tilt iW)0d~lLlir Of rUIprure (MOR) test

SicmllCllens- totl ti1e tour itatenrils that were u tich initially tested iii tile modified IHIIN'I
halnel 'I h Weihufi Il(itioufs cHir yes tot these 11im~it 01V tShn ate Fi~riiigure 5.5. It canl
he sterimiilinietlrrnothre .5t, *G4 fntire A.( ),-0.25Y X),X /-r( ) ', has very little effect
oir tire average stremgt, hut did silrtificantiv raise. tire WeihuLll rirodnIuLs (I 1verSUS 10,9)
arid1 thins tire 9,)'L9< prohahility stienrir.h 48A4 kpsi 33M 101a% versus 39,5 lipsi (276 M41a).
'I Ire ,nhdtnn of h; 3Ct Si( vk hisi4~nt tup Iitrnatris resulted in art 10A increase inl average
%1(I%' stirII-0. ').;I [jir (650 MIi'ar vet irs 0(0 (-1() MI'an a 84.4'ý; increase in

I)')' likllirli) streinithi. 729 kp- ( 501) NHQkr versus 39)5 [pyr 27h NEWar and anl
1ii0CdA¾ IiiWarll WL1 1MrUdMh% 12.9 %VeNs I)),lr 111%lre-~ ITV 11Mn-1Atr (\()(S3) had
ICIrniMIs loss nerrand A 11A WeLull trr 11(dhul'r
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Symbol ID Composition Modulus 99.0% 99.9%

0 N080 AI 20,-8ZrO2-5CrO 3-0.25y 203  18.0 55.0 (384) 48.4 (338)
0 N081 AI,2Q-8ZrO.,-0.25Y,03  10.9 48.9 (342) 39.5 (276)
a N082 Al10 3-8ZrO2-0.25Y,0, 30v/0 SiC. 22.9 80.6 (563) 72.9 (509)

L N083 Si34N,-30v/o Mullite-10v/o SiC. 1 64 128.7 (201) 20.0 (140)

Figure 5.5 Weibull curves and calculated data for the four different advanced
ceramic insulator materials used for testing in the modified FL INT gun
bairel.

Miodulus ofrup~ture (four poinlt benld) teSts Were Cond uLcted for ten di ffereint materials

that were hoti Isostat ical lv pressed (111 Ppcd after theiir 111i,1 iialUniaxal ho0t pressing.
11 PiIIgca bL: uIsed(- to imp;rove the strength and tractutre toughniess of hot-pressed

ceramics tnrou."1lithe clo'sifl" of* porcs and voicd.v Thei \]OR Va1lues from11 theCse speCI1CImes
ale coniparedFC "ith the val ties received froiii1 SpCcimensrP cut from1 01e panels bef'ore they
Were I liPped InI Tablei 5.9. TheI. lIP1 treatment011 11;1( 01eCeas!eetnthfori

loadedI materials. 1 'lie stre neths increasecd W to 2(1.% after 11 pn.eVIdenItlv dueI to the
hecaling of detects orI poro0sity ar-ound theC SIC whs brsv the I ill' treatmenti. The platelet
loaided m1aterial ( 484-4) experienced it decrease in N1(.R streng-th (37.9 to 29.6 kp.si (201
io 20.(%11,m a)aftetr I1111 ping. The1 large-, SIC platelets cv ide nlv becameIII even' iiore effective



crack initiators after the HIP cycle, resulting in further reduction of the MOR strength.
The other solid solution type ceramic materials all had only small changes in their MOR
values due to HIPping. These changes can be explained by scatter in data inherent in
ceramics. This result substantiates the quality of the as-hot-pressed panels.

Shown in Figure 5.6 is a Weibull curve for the advanced ceramic insulator AIN-
O.4Y 20 3-25 v/o SiC,. (495-4H). This plate was made in a different pressing than the other
A1N-0.4Y 20 3-25 v/o SiC, plate (442-5). It had a higher average N4OR strength, 66.6 kpsi
(465 MPa) versus 56.8 kpsi (392 MPa), than the plate made earlier. This illustrates tihe
range of properties and lot to lot variation that can be expected in advanced developmental

ceramics.
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10 100 1000
MOR Strength (ksi)

eWibul Design Allowable MOR
Mouu Strength kpsi (MPa)

Symbol ID Composition ____j99.0% 99.9%

0 495-4H AIN-0.4 Y,0 3-25 v/oSiC,. . 47.0 (328) 36.9 (258)

F~jure 5.6 Weibull curve for advanced ceramic insulator A/N - 0. 4 K,03 - 25 v/C
SIC,'.

TIhe r`0.und ol M( )R te'sting tabulated ill Table: 5.9 mnarked thle end of thc first phiase of'
panel fz'hricatlion and scr-eening- stu~dies. The next phaseo of' this work comprised thle
fabrication Ot'laf"rge panelIs, 8 X 8 in. ( 20 x 2(0 cm) in size. TIhe range of cim positlions
.studied was narro7wed somewhatt by elminr at in g AIN-basod cerainics, which had per-
flom~ed poor-l% in the mechanical and electrical screening tests. All of' thle ceramics
iny s til.ated fro0m1 this point1 oni were ci ther alUllmin-batsed or silicon n itride-hased. The
painels conisolldidaedduingI-Il, the January to September 1989 time Frame from these materials
are listed in Tabie 5. 10. Tlhe first hot pressI n e run occu~rred inI mid-J an uars 1989 Onl Series
I of' thle silicon nti itide imatrix maiterials. All of, thle ConlSol idated panleIs Cxllii bted Somei
degree of cracking. Repllacemecnt Panlsll' weme pre~ssed ýnvno epnc sieecs
back-up rawk material that bad [)Cel nmixCd prior to the !m[t pics, FI-n. In or-der to Climin11ate
the cracking, the panels were Cro'Mlind flat Atitr Cold fi s e. ilc !hev wereL Inl Ithe 'gIC-ccii
state) and the pressing, load 0a0nt appiejhd unIJtil te pa': a t aighrttlilt
than prc\ ioISlV used inI w)der to licrlcra, th1c plasticiIty of' 11he matcm lit! aitd IlurC11nt crackring.
Table 5.11 lists, thle proccss inc condit0ions used inl thc Irot -p~icsf ol rg 1these pane I. It m List

be kept In min'ld thalt these aIdvanIced ceramic HiMItilatiri ma11teliai are being ai icted aýs
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1. iN11 (20J X 21) -111) p)I'IItC'. NILCh dat'i JouLIH inl the hier.-turc for advanc,,ed ceramics IS

LeICH (d fIWiti 2 10i 4 NI 15 to, 1 ( Cill) diameterIC disC, It icqulircs less, ;Ittention to proccss.ing
d%,imIt' I() ;wieone'- Vgo,, re Instl titue tt.ii iL~t": algelr plates" repie"critl a much

( 'tIt I IHI' I) laW tt ' m I:dIt fM ' ' ( 2( ) L'III stidr Ie p Is n ordcr to cut the
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TABLE 5.10 - Wx In. PUNx2 cm) Ceramic Panels Fabricated January to September 1989

Cornpo- Panel
silion ID Cormposition Purpose

Nc'. _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

AlUmina - 8% Zirconia / Chromia

1 4-253-4 AI 201-8.0ZrO. -0.25Y,0, Measu'e the etlect of chromni6
2 4-253-3 Al 20-8 OZi0-,-C.25YO0,- 2.OCrQG additions on mach. prop's of

3 4-253-1 Al 203-8.0Zr0;-0.25Yý0,- 5.OCrO, alumina- 8% zirconia

3. 4-253-5 AýiC,-8 0Zir0-oý- 25Y0)- 5 OCr ,0,
4. 4-253-2 Al,(D,8.rOZr0,-0 25Y.*0; 8 0CrýO,
4. 4.2S3-0 AIý03-8.OZrO,.-0.25YO0 - 8.OCr0,,

AIlumina - 89/ Zircorria ! SiC.

5 4 2 S -1 A;C'0-8 OirU -0 25Y,.U1' 30/S1C. Compare effecis of wh~sker vs
5 4-255-4 Ai.U,-8.07{-)"-O.25Y.01 ' 30%.SiC I chromia cidditioris on Alurnindj

Zircxviia
£ 4 A!. 2 0,-8 COZ-0. -0 PSY, 0, 5C',O0, 25%,SC.

Sj4 25653 A: 0-8 O)ZrCO -02SY O-5U-C-,' ?-0 i

Aiurrnir, 15`-~ Z rcoria S!C_

7 2 679 1 A;, 0, 15 C5 Zr02) 15.SiC. 1;ACr.I S.C.) Compar iý:5'$ m i,,arffo tWO) 0U'I'd'Cf

b 27()- 7 ;11U- 15 0 71225 oW Aýikcf SCO. ~oufre-, afiO Ow-a:r 'l o' v~tyig

9 AP.i:s;UU, AI,10,- 11, 070 3O S (AMI (vC. oai-i i 00rqad-Io' 1

9 AM1UO0 3 AO~ 1'.' 07f .SC. (AII S C. i ,niirw.~ 1!E --ifu

32 C I #/ A 1~ 0, 7,Q. -D , ; r ) C*, IA i fre; f

ii . 3'~ -' A.05~0 !1UO P'IA U 1Ci.0,.1I ts ,, G- i gh / MIv/~

1z 0A -j' 0 1 '1h 'L CCU 15,C /~hj. (f.'C

cof 1. A, U N ' :YU Cr025d

1,-4 2;Ji V,

I t4 %

!4 ~ '5 ' ~ '

I ~'* I.A

t V.' A



TABLE 5.11 - Processing Conditions Used to Hot-Press 8x8 In. (20x20 cm) Panels

Comrnp Time at Max Time Heating Totl
sit&.n Panel Prassing Wax. Max. Pressuie at Max. Rate Cycle
No ID Date Temnp 'C) Temp (,.,si) Preýe; ure ('C/min) Time

(min.) (mirj •ir/min)

Alumina - 8% Zirconma / Chromia

1. 4-253-4 3-4-89 1570 95 3000 125
"2 4-253-3 3-4-89 1570 95 3000 125 4 9/45
3 4-253-1 3-4-89 1570 95 3000 125 4 9/45
3. 4-253-5 3-4-89 1570 95 3000 125 4 9,45
43 4-253-2 3-4-89 1570 95 3000 125 4 91454 I4-253-6 3-4-89 1570 95 3000 125 495
4.I 4-253-6 3.4-89 1570 95 3000 125 4__ 9145

Alumina - 8% Zircora SiC.

5. 4-255-1 3-7-89 1700 20 3500 230 2 10/20
5 4-255.4 3-7-89 1700 20 3500 230 2 10,20
6. 4-255.2 3-7-89 1700 20 35'"0 23,5, 2 10'20

6 4-255 ? 3-7-89 1700 20 3 35 230 2 1020

Aiumina - 15 Zircoroa S,C.

7. 26q 1 71
9 AMIO08- I Propritary to Amercarn M',taiox Inc

A , Arma -Zror. , -% Cfrtory a S;O.

10 ' 329517-769 17.A 193 5,08 3 13
i 4 ,29 3 7.27-09 1 191 5300 1L0013

1 4 329 4 7-?7-80 17,. 193 503 13

3. 4:9 1 1-7.7. 7 192 5300 'lo 3
4 •C, 1 3 139-1

:'U_ I-i "
I WJ V) u

110
4i 4 , 9 ! ,'1G 3 0St5 4 .''-i 5 {Q ,',, b 3500 2,?0 I 1 ,

t043C: ' , ¶ j' ,'(b IV' 352'0 -'5• I '1

- - -- _. .,
-,, .. r Ii,~d. B .'•H ,. .-%,(;
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Shown in Figures 5.9 and 5.10 are representative micrographs of the two compositions
that were selected to be scaled up in size during the next portion of thc program. They are
alurnina-zirconia-chromia and SiC whisker reinforced silicon nitride. The explanation for
the�r gxxl combination of flexwal strength and fracture toughness is explained by their
mIcjostructr;res as detailed in the figures. The mechanical and electrical properties of
these materials are examined i�1 'ktail in Chapter 6.

[he lasi materials fabricated in this pro�rarn were three blocks scaled-up in size. The
pirpose of this was to see whether the mechanical properties observed in the 8 x 8 x 0.375
in. (20 x 20 x 0635 c�i) panels could be reproduced in a form with dimensions comparable
to those which would be used in �i full-scale railgun insulator segment. The compositions
of these blocks, measuring 4 �. .�. 'i. (10.2 x 20,4 x 3,8 cm) in size for 4-365.2 and
4-366-2, and 1.5 x 4 x 19.7 inches tT.8 x 10 x 50 cm) for 4-392-I are shown in Table 5.12

along with riica�urements of their density. The blocks evidenced no cracking arid had a
gxxi surface finish. A fter hot press consol kiation followed by ill Ppi 1W the blocks were
ground to a thick ness of I .25 in. (3. 1 8 cm) in order to remove any surface imperfections

created during the fabrication procedure l)ensitv nicasureme uts were similar to those
measured on tli inner panels con �ol ida ted l)r�'ioLi sly in the program indicating that the
hl( .s had acli ic ved fuf I density. The blocks were machi ned i nt() nice han ical electrical,
and metal lographie test specs rile us. 'Ihe test results on these material s are pre sen ted in
Chapter (i.

TABLE 5.12. CompositIons and Densities of Two Scalod.Up
ThickneGs Blocks of Advanced Ceramic Composite Insulators For

Electromagnetic Launchers

C.crmiposil 10(1 Mu�e�,urud 1U�ri&ity 1 uorcl c:aI

4 3&$ 2 AI,.O, 5 0/rO, 0 25YO, 5 QCr.O, 4 12G 994

� � SiN�� QYCi, I QAjO. IS C�iO� a 99 C
4 3�21 AIC, 5 0/rO 0 25?,O, S OOr.O, 4 134 99 (�

7'



10 microns

Features: Implications of Features:

Fiiie Grainied (10 microns) * Good Process) Control
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6.0

TESTING OF MATERIALS
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experienced Professor to CffiTy Out the tests and aid SPARTA in interpreting tile data. The

FLINT EML systemn at ARDEC was chosen because of its Initial availability and ease of

changecout for test of ins'ilator side wall specimens,

6.1 Mechanical Testing
Moclulus of rupture (MOR) and fracture tou~ghness (SENB type) specimens Cut from

the 8 x X x 0,375 lin. (20) x 2(0 x 0.95 cm) hot-pressed ceramic plates listed 'in Table 5.9
were subjected to mechanical testing. The data from these tests is summarized in Table
6.1. The Weihull modulus values shown in this table (indicative of spread in property
values) are verv high1, amiong the highest we have ever mecasured in any ceramic materials.
Th is indicates &ood blending of powder-, and( full con1 ol idation of thle panels.

The strength vaIlues (averages of' 12 tests for each material) for the alumlina-based
materials were moderately higk, but thle SIC whi'.,Ke r reinforced al tnimina minatrial s were
lower lin strength. The fracttire toucknenss values (ax cra,,es of six tests per p~anel) were
vvrv high., 7.2 k psi inl (7T9 IPai ),with thle whisker rein fkrccd material~s thle hig-hest
of all the paneIs. Tlhc trends seemn to indicate: that chromi a content., ahlm)\ I 01' low.er tile
N I( J stie ngril, hilt do niot decrease: the We hibul l)I m du In. The fra"'11C r nrc totiilhess Vxal ties
do) not seemI to follow anl\ trend With c!1on11iia conten~t.

Mleehan icail property tests for the ninte silicon nitride: matrix jtinel s re~vealedo especial ly
11igh "trenlgth. cow-istencyl:`, ani-d tlilfC. stmoittlv ofI thle daiti Is inc6luded In 'i able.

01,As can he seen, very high averavcesicmo to 1 14 kpsi ((,28 to 783 N111a) valuhes
x)hte btined. ats well as high fra;.tureo roughnecss values tall above h,2 kpsi-iri' (9

MiI'rt-1)' )), These ninte plates were ruAdie inl Orlce different precssities. Pal-nels 258 5 and
25',- ( receivecd b~etter powder' anid wiii'.ker11 bediri aid titu~s had significanitly 1I igher

Weib111110till i itiodulu values l than the fI pael In pressing 205. 'Ihe satIre :careflI blending and
rij)rIg operilonls %xLeie Outri repeated iii 3~4's' Wt, ihev~en btitert N1Ol results'

NIeeiiCtilL'I Iproperty lest datal 0f spo.culit-ris hornI tile Im'~ slcix-iEllV fab1ricatedalin

ri'ttglirtt'ss \Aies- of uxci~ 1. I p'l di0 N\'Il'rrt \kt'citrr, tri. ~~e tP.- rinld~I~ltll

()I itilptlit , ilties (71 kls f'I f)( I ~ 't i0 ý%Vem lt)%ker 111,ii1 L'\;l'cetetl It is 11(ulititg 01itt [lt,

~ r4)~Q'iii liirI iL'tr.~cernie¶l -, Mc,'.iseVJ tile ph~itk. that1 ýkccr ),d tun ,c ' L.e ruimehi lailger
t11,1ii tljui .eirit. j 'lm.,, 'I (11, 01tiLi iot r 'Itlh till" io riri~.ilsvea t~ i~
11h 1It -N11 11111r ij ik )mnld he. needed iii 11Wp~ it t le orret resin )IN l htiil.'4'r Ix si'i
illi ti kie 11141. lo, r i cut 'r d . til i I ina itr I'i i ;1id v, ii %0 114 t '.. ci \ c u i I d1 ted

(. tlpit (A(i tAI( 'lke li.e% A( \1 l' ~IxI .L vk.ert(S o 0 irlw' tIl &.111aiiiei

lki'11.4.iil 1r if liet t in hnýdArei.r \liit, lc t ip 1 llimuct1i dn1,tuii'.'!r L uKL
.................... 4l tll .1 44.44 ... 1111 %H1PtI1.'1(

tinlii i O c lli- liid , j 1 i.' I.. (A



TABLE 6.1 Mechanical Test Results from 8 x 8 In. (20 x 20 cm) Ceramic Panels

Comp- Average Average
osition Panel MOR Weibull Fracture

No. ID' Composition Strength Modulus Toughness
kpsi (MPa) kpsi-in"

(MPa.m'?)

Alumina -8% Zirconia / Chromia

1. 4-253-4 AiO0-8.0ZrO,-0.25Y2 O 3  91,8 (633) 25.0 5.81 (6.38)
2 4-253-3 AI2O3-8.0ZrO,-0.25YO 3-2.0CrO 3  93.1 (642) 16.9 5.21 (5.72)
3. 4-253-1 AI'03-8.0ZrO,2 -0.25Y2O,- 5.0Cr20 3  94.37 (651) 22.5 5.08 (5.58)
3. 4-253-5 Al2O,-8.0ZrO,-0.25YO 3 - 5.0CrO 3  85.56 (590) 24.1 5.72 (6529)
4. 4-253-6 AIO 3-8.OZrO 2-0.25Y;,.O- 8.OCr.0 80.45 (555) 20.5 5.83 (6.41)

Alumina - 8% Zirconia I SiC.

5. 4-255-1 Al;,Oy8.0ZrO.-0.25YO,' 30%SiCý 64.95 (448) 13.0 j 6.94 (7.63)
6. 4-255-2 AI,O-,-8.OZrO;-0.25Y.O,-5CrO,' 25%S/C' 50.51 (348) 15.0 7.15 (7.86)

Alumina - 15% Zirconia / SiC,

7. 269-1 AIO.- 15.0 ZrO2,'15%SiC, (ACMC SinC ) 83.2 (574) 9.7 6.5 (7.1)
8. 270 7 AlO,- 15.0 ZrO2.,25%SiC. (ACMC SC,,) 85.4 (589) 10.2 6.6 (7.3)

9. AM,008-1 AIO,- 15,0 ZrO, / 35%SiC (AM1 SiC,) 72.5 (500) 14.5 9.0 (9.9)
9 AMI008-3 1 A!,(O 15.0 Z0.1, .o (AM! S.C.) 745 5i14] 25.2 9.3 1I0.2

Alumina - 5% Zirconia - 5% Cironia / SCC.

10. 4-329-5 Al,.Oý-57rO;-0.25Y.O -5Cr, ),' 89 0 (614) 25.8 6.2 (6 8)
10. 4-329-5H1- Al,.O,-5ZrO-0.25Y,O.,-5Cr,.O; 88.5 (610) 23.6 6.2 (6.8)

11. 4-329-3 AlO,-.5ZrO-0.25Y.O,-5Or.Q,15"/oSiC 56 3 (388) 12.6 5.4 (5.9;
11 4-329-4 Ai,, .5Zr0. -0.25Y.O, 5Cr ,O., .I S%SC. 54 7 (377) 17.0 5.4 (5.9)
11 4-329-4H1 AI.O,.SZrO.-0.25Y.O -SCr.0,'15%SC 49 5 (341) 16.0 6.1 (6.1)

12, 4-329-1 Ai",.O5Zr0O-0.25Y.C,-5CO".0,25%SiC. 74 4 (513) 18 1 5.2 (5 7)
12 4-329-11- AlO,.S5iO.-0.O,-.Ci,0,25%SiC 63.9 (441) 88 62(68)
12 4-329 2 ? Al.0, 57iO.025YO.-SCr F,'2 %S, 691476) 11_. 57 (63,

Sdk:on tN~rldo 8c". Yltr~a 'S

1! 42,5 bi,lN, 8,0Y,0 1 CA1.0, 91 01631, 100 I 3( 8

16 0 4 :402 b ,N, 8 0Y. 1 ,.1CA,.O0 127 8 ;8T.1) 206 84(92)

19 4,1 •1,1,4 S 'N4 -8 OYO, 1 6lO, SIC, 924(6/37; 8 7 94 (103,

' 4 1 69.3 SN,,t 8 OY O .1CA ,' O. ,C. 10, 9 (7091 88 9.7 (10 7)
20 :428B G 44, 0( OY,(j I CA". 0, 10',.SO. 1(7 '130l73 4,;3 3 61 (9 41

4 ,.bN, ,, J", 0 0Y. 0 1 0 A;, (, • 'r.' .10 S JC'• t 9
1 J6, SJ, 10Y O.1 A O,' 1, . 9 11 (68,,o 8 1 8 1 ()

4 i ; , FH " N ii , O V I C) %') 6 1 ;1 0J

4 S,,11, P , I A O .5C i iU; • 1 (91)

1 4' 'i 7- . L I I _ 8
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whiskers also have lower electrical conductivity. The panels were made in order to
compare properties with panels made by other laboratories from these whiskers and to see
the effect of the different conductivity whiskers on the electrical performance of the panels.

Shown in Figure 6.1 are tile results of the mechanical property tests conducted on the
specimens cut from the panels. Their Wcibull curves, along with design allowable
strengths, are also included. The flexural strengths and fracture toughness values mea-
sured for the 15% silicon carbide whisker loaded material agreed well with those adver-
tised by ACMC (Advanced Composite Materials Corporation), the company that makes
the whiskers and blends the powders for sale to consolidation companies. The properties
of the 25% whisker loaded material were about 151 below the values expected, however.
This decrease was caused by the presence of the combination of a number of over-siied
whiskers and iron-chromium impurities which acted as failure initiation sites.

The high tough ness valuies exhibited by Doth materials were a result Of the good
distribution of whiskers and a proper level of w hisker/matrix bonding which allowed the
whiskers to deflect and blunt cracks, thercb\ increasing toughness. ThC defects noted
abhove did affect the rough ness of the 25;' loadcd material, however, as its iougIhnCss
should have been closer to S. 1 kpsi.in'-2 (8.I 8 Pa.In') , instead of the t).5 (7. 1) vltleC
measured.

Show'n in Figure 6.2 is an optical niicrograph of a polished cross-section o' tiflt 25I-12
loaded material (4-270-7) revealing the presence of selected o•vr-sizcd whiske:rs. Shown

In IiLgure 6.3 is a typical scan ning clcCtron an icroscpec view of the fracturc suriace of the
samnc material revealing the fiber pu lI-OLit alt thI lfat'llnIC surface which reCsinl tCe in eood
fraclure toughness.

7bi
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Panels AMI008-1 and -3 of the 35% SiC whisker loaded composition were

purchased as-consolidated from AMI. Very high taughness values (approximately 9.3

kpsi.in"'( 10 MPaom ')) were measured, the highest observed in alumina-based insulators
during this program. The strength values (about 73 kpsi [500 MPal), however, were

somewhat low. Scanning electron microscopy examination of the failure surfaces of

modulus of rupture bars was conducted. The material exhibited small grain size (less than

5 microns) which leads to good strength and toughness. The whiskers in one specimen

(AMI-008-3) were well distributed, but the other specimen (AMI-008- 1) exhibited clumps

of whiskers which led to its lower Weibull modulus (15 vs. 25 for the -3 specimen). In

both specimens there was a mixture of pulled out whiskers and bonded whiskers at the

fracture surfaces. This indicates that the pressing conditions used too high a temperature

or too long a period of time, resulting in slightly too much whisker-matrix interaction.

This reduced the strength of the matciial as cracks cid not run around the whiskers but

went through them. Thus, with optimized mixing and consolidation parameters, better

properties could have resulted.

Overall, the silicon nitride .. 8% yttria panels showed the best mechanical properties

of any of the compositions studied. These panels are listed at the bottom of Table 6.1.

The mechanical properties measured for these panels were outstanding. The results from

panel 4-258-6 are especially noteworthy. This panel showed an average MOR strength

of 113.6 kpsi (783 MPa), a fracture toughness of 8.6 kpsi-in"2 (9.4 MPaom1 ), and a
Weibull mi(oulus of 40.3. These combination of properties is among the best ever reported

in the scientific literature for a ceramic material. It was important to understand what

microstructural features led to the strength, toughness, and Weibull properties measured
in all the silicon nitride-based materials. The microstructures of the silicon nitride

materials were studied both by optical metallography and by SEM observation of fracture

surfaces. The key microstructural observations include:

"* Very small grain size, less than 5 microns. This leads to reduced
flaw size, narrow distribution of existing flaws, high szrength, high
toughness and reliability

"* Uniform distribution of whiskers. This results in isotropic in-plane
properties. Whiskers blunt and deflect cracks which raises the
toughness of the material,

"* No detectable porosity, resulting in high strength.

"* Whiskers have been broken Out at the surface, leaving troughs
behind. This indicates that the whiskers are not tighitly bonded to
the matrix. This permits cracks to be blunted and to lose energy as
they reach whiskers, increasing tou tiuieCSs thu ougli 1ibUc pull 0Wo.

"* The use of second phase toughening (through the addition of the
yttria and alumina) rcsults in full densityv and hi gh strength throligll
the tormation of a glassy grain boundary phase that cannot be seen
ail fhe magnification of the micrograph.



This combination of small grain size, good distribution of whiskers, high density,
proper amount of whisker/matrix bonding, and glassy grain boundary phase led to the
outstanding strength, toughness, and property spread (Weibull modulus) properties of the
silicon nitride matrix advanced ceramic insulator materials. These microstructural char-
acteristics were planned through a combination of proper: chemistry of the matrix, whisker
and whisker loading, and processing conditions to arrive at the desired mechanical
properties. This process is called "microstructural tailoring", and it enabled the devel-
opment of the high-quality material which was produced,

A direct comparison between the as-hot pressed and hot pressed and HIPped properties
was carried out in the alumina - 5% zirconia - 5% chronmia series, It was thought th;tl
HIPping might be necessary in order toproduce the full-scale ceramic composite insulators
for electromagnetic launchers. Thus these tests were used to measure the properties
obtained from materials processed in the same fashion which might be used for largcr scale
railgun insulators.

The test specimens were measured and examined optically to detect any gross fhlws
due to grinding prior to testing. Testing of the modulus of rupture (MOR) bars and fracture
toughness specimens (SENB type) from each panel were completed and are sullmm'arized
in Table 6.1. As always, an adequate number of MOR bars (12) was tested from each
panel to establish a valid Weibull modulus for each material. The fracture sirlft.-es of
selected MOR bars was examined with a scanning eletron microscope (SI-M) to char-
acterize the microstructure of the insulator materials and determine if the improvcd pro-
cessing parameters utilized during the preparation of the panels was rcflhcted in the
microstructure. The density of the panels was also measureJ,

The results listed in Table 6.2 show that the tested panels compare very favorably with
prior results. The tested panels demonstrated that:

Improvements in properties can ht obtained front si~eht chemistry
changes and improvements i., mixrng/blendang techniques

The mechanical properties o,)taix.,d on prior pane!s could be dupli-
cated (or improved) on panels made using different lots ot startinj,
miaterial:, and diffcrcnt hot pressing run.S.

Both of the .e goals we.re met a:Lrd thus oex• step in the program, scale-ti to sizes StUitblt

for uwe in largcr scale puns, vvwts bcg,:n

It can bhe suen the l llPpn r e"SJ;)tCed 1:i 'l;ght strength ,tecr'ea,,s ,t ý * , b Ii's,
increases) for tht, whisker n:,aring ailumjina rieriails hut ldid no• ch;.1,t dic iepropellik's
of the alumina material with o~i y chlol •,i d'd. "[hre whiskcr containing alulliina spec'
imens were i ,fCe loi to the al utilna-chro.,i.a ( 'vith ,to whiscr) .,,,teril a igil I i,,i, flnt thtus
the al itr, n../cl' .ron ;i/,r-iiskwi System was ftL`jp.sd ifrA.ln OWe devCll0 Cti t cycWle. 'I hi',
dec11 ;ion was stupporhtd by the rath. poor cI,.tr';.ilpcrforranc ol tilh Si(W w'iIke
ruinforced alumina material a:: described in SictAi 0.2.
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Fabrication of' "lecharical, clecirteal and nictallographic test sp;ciniens fromn the first
two scaled-up thickflNss blocks of' advanced ceramic composite Insulator materials was
begun after the testing of tie X x X in, (20) x 20) CnITI pancls was compijleted. Bic~catse the
propcrtics of advanccd ccrarnic,: awe so process-sensitive, this scale-up was necessary to
ensure that the goxl results seen in the 0,25 inch (0,04 ciii) thický panels could be repeated
in pieces of* material (fhat were closer in siz'e to real railgun insulators, Thei compositions
of the consolidatcd blocks, mcaS~iring 4 x 8 x L,5 in, (10.2 x 20.4 x 3. cni) in size, arc
shown in Taible 6.2 along with !livisurenients of theirdensity. Also inICItided are the density
values for an additional block of' evcrn larger sizc that is discussed later.

TABLE 8.2 -Compositions and Densities of Scalod-Up Blocks of Advanced
Ceramic Composite Insulators For Electromagnetic Launchers

Pail CIU Cornpcosiior tDonsity % of
It) (Iniches) (wt. %) (g/cc) Trheoretical

Density

4.36~5 2 1,5x4xb At,OQ,'5,OZrQ0 -025Y,0, .5 OCr,0O, 4,12U 99.4
4-3W2 1..Sy4x!3 S'IN 4,43 Y,O, 1 QAI,, 0 15.OSIC, 3,265 99.6

4-392-1 I .S4x1(I AI1O,- O7rQ1-O 25Y,C,QJ - ',OCr;.O., 4 134 99.6

'I Welye dii ich cut MOdL1Ul usOf 1Ru pitlite (NOR) bars an1d four. Iraculf'e touighitess slxeci-
itiivns were cut l imn each block-, ThIIis ntriirber of MOlR bars wa-l sit ificient for a valid
determi inat i n of, We ibull modulutis, l ire average MOP. ste ngth s i'Or the thicker panels
wer ,4'/c lowerf r 89.0) kpsi (014 Nil'; ) vs. X5, I kpsi (587 N1i'a)) and 2,41%( lower ( 127,8
klisi (K61 MJ'1a) vs, '247kpsi OM1(d Mi'1a)) lot th aluinaad S11.0l11 nitride matrix
uliatei.rals lusfwCtivCly than fI1 -1ti1C thinner~l, preVvioulN ConIsolidatedL panls.IN TJhis reduction
iS aceiab'C Ie'hL fill Lse aN thir tioie insulator in ;idvance'i, fuill scale, electromagnetic
J111uriclers, The fra1cture- touglrn:ss values- Ior the thi-cer patte~s were 4,4"A lower' (0.8 vs.
U5S Mair') and 9,8'4' lower 09.2 %v:,. ý,3 NIml'ai') titan toi the thiminir Al_.04 and SiN'4
pancls, Agaihi. this reduc-tion is A-cTeIiMrhlt: ii) Weillis of' tire ~oail proliertiis outlined in

Chapter 4,

lK'scd (III 111C succeSsful1 resu1ltl (ife 1cale uirjrrsn de)Jscrbd !A-t'ond scaile-ip to a 1,5
X 4 X I X Hinch r, %. 10.2 X 40 Lil) ~i/v block was cmrried out wtirtheii altimiira-chromitt
coMIrltoitwitt. 'lIe re1C r forl the SeleCtiorr0 0f tliNs inaerral for t11L finMA1 w~e pWill be
t, I,11.11ited iIHIdetail 11, tihe nesXl wS iOIr, 6,2, 'i'llis 1W f ia l - (i 1.ý5 \ 4 \ 1 X I',) I's rpre'scintalive

Of 1ile MitIsLI~ld "i'it 11 sepiwrt 51/1' treded fo GMo 120 mnii boreC state-ni tlir-art .lM.s. Shownl
.F,. I~ ~ .... 1,~ 1. !'iLI -i -'" - ... M)Ra

f1 tcture oItIýIIItSS tesýt resultI ate sihown int fable 0.3 arnd cnrtrparrd to the best results



from previous thin panels. The comparison of properties in the long and short axis
directions of the full-sized alumina block demonstrates that the material is isotropic, with
no significant differences between the two orientations.

1 -

18 in. (3.8 x 10.2-45.7cm) alumina-zirconia-chromia insulatorblock.

Selected mechanical test specimens that had been cut from the full sized, advanced
ceramic composite insulator test block and tested were examined utilizing scanning
electron microscopy (SEM). The SEM analysis revealed a very uniform microstructure
consisting of small grains and an even distribution of chromlia within the structure. No
evidence of porosity Was found, This microstrUctural description is the same as that seen
in the 0.25 in. (0.635 cm) thick previously conso. iated panels. Shown in Figure 6.5 is a
typical microgiaphl ot the full Scale block, depict ig the uniformn, small grain size with no
t''i"i-,nct- of p~orosity,
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TABLE 6.3 - Results of Modulus of Rupture and Fracture
Toughness Tests on Scaled-Up Advanced Ceramic Insulator Materials

Comp- Average Average
osition Panel MOR Weibull Fracture

No. ID" Size Strength Modulus Toughness
(in.) kpsi kpsi-in12

(MPa) (MPa-m`2)
Alumina-based

10. 4-329-5 8 x 8 x 0.25 89.0(614) 23.6 6.2 (6,8)

10. 4-365-2 1.5 x 4 x 8 85,1 (587) 25.2 5.9 (6.5)

10. 4-392-1 1.5 x 4 x 18 (Long Axis Properties) 82.5 (569) 20.1 5.8 (6.4)

10. 4-392-1 1.5 x 4 x 18 (Short Axis Properties) 82.7 (570) 19.8 5.8 (6.4)

Silicon Nitride-based

22. 4-340-2 8 x 8 x 0.25 127.8 (881) 20.6 8,4 (9.2)

22. 4-366-2 1.5 x 4 x 8 124.7 (860) 17.8 7.6 (8.3)
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10 microns

Figure 6.5 Representative micrograph of alumina-chromia block consolidated to
demonstrate retainment of mechanical properties in full scale pieces.
Evidence of mixed mode failure is shown by sharp grains (intergra-
nular) and arrows indicating areas of transgranular failure (and thus
high toughness), (3.50OX)

6.2 Electrical Testing

Three types of high-voltave, high-crunnt electrical tests were used to evaluate the
materials studied in this program. Conductor materials were subjected to stationary
electrode arc e:rosi n tests, and rotatring arniattwre arc erosi on tests. Insulator materials
were suhlejCteMd t} it aSIIfuIce discharge switch (Si)8) arc erosion tesrs. The testing of
insihlator materials compriSCed the largest part (t' the clcctrical te stirig done dUring, the
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6.2.1 Candidate Ceramic Insulator Materials

All of the electrical testing of insulator materials was performed by the Pulsed Power
Laboratory of the Electrical Engineering Department of Texas Tech University (TTU)
in Lubbock Texas under subcontract to SPARTA. The Texas Tech surface discharge
switch (SDS III) testing device uses two electrodes placed on the surface of the tested
insulator block one inch (2.54 cm) apart,2 °'2' The SDS III is connected to a capacitor
bank, and is contained within a chamber which can be operated in a vacuum or under
controlled atmosphere. A schematic diagram of the testing system is shown in Figure
6.6, and drawings of the capacitor bank and the surface discharge switch itself are shown
in Figure 6.7. Photographs of the testing system are presented in Figures 6.8 and 6.9.
The electrodes are driven up in voltage and discharged at about 25 kV. This is cycled
untii the surface of the insulator will no longer hold off a predetermined amount of
voltage or until a certain number of pulses have been fired at about I liz.
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Containment Vessel
Vacuum Gauge

Gas Distribution Manifold
Capacitor

BankF

Vacuum Pump Gas
S~ Supply

to H.V.

Surface U.V. SpectrometerDischarge_ 1Switch ..

Fiber Optic Link

Shut-Off Valve
to ground

Figure 6.6 Schematic diagrain of the SDS III test facility at Texas Tech
University.
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ICapacitor Bank]

High Voltage Plate

Line Insulator Anode Cathode
Ground Plate

\.

Insulator
Test
Sample

Scyllac Energy Storage Capacitors (5)

Close-up View Of Switch

Anode Cathode
Insulator Test Sample 0.6Ccma

-7 1~

1.5 cm

2.54 cm m 5 cm

Figure 6.7 Drawings of the capacitor bank and the surface discharge switch
used for testing insulator materials.
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Figure 6.8 Rep-rated (1 Hz) standing arc exposure test facility (SDS Ill) for

advanced insulators at Texas Tech University.

\77

Figure 6.9 Closeup photograph of test section revealing test block wiult elec-

trodes clamped on its surface.
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The first insulator arc erosion tests were conducted on the NEMA "G" series of

electrical insulation grade fiberglass-reinforced polymer composites. Figure 6.10

illustrates the results of these tests conducted on G-7, G-9, and G-10. In all these tests

the initial discharge current was 3WX) kA (simulating expected railgun environments) at

1 pps (pulses per second). The performance of these materials provides a baseline

against which to compare the advanced ceramics that were studied in this program.

These NEMA "G" grade materials are already in widespread use as railgun bore

insulators, as described previously in Section 1.1.

10 0 - ---- I - T -

>

-X1

SS.- 7-•
w -

- - G - 7
0 --
0

< G -10

0 10 20

NUMBER OF SHOTS

Figure 6.10 Surface breakdown voltage as a function of number of discharges
for tested railgun bore insulator materials. Current level of
approximately 300kA with pulse repetition rate of 1 Hz.

It can be seen that the G-9 and G-l0 materials behaved exactly as expected. The

cleanly ablating G-9 material dropped only slightly in breakdown voltage over the 14

pulses to which it was exposed. Much of the effect seen was probably due to thermal

effects caused by the I Hlz pulsing. The breakdown voltage was about 30 kV/in. (12

kV/cn). The 6- 10 material dropp-d from 36 kV to 5.2 kV after9 pulses duc to fonration

of conductive residue on its surface.

Shown in 'I able 6.4 are the rcsults from the tests conductu t on the first six ceramic

insulator materials examined in this test series. Some of these materials were purchased

in consolidated form from outside vendors, and others hot-pressed by SPARTA at

Cercom. As the table shows. five of the materials held off only one discharge, and were
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unable to stand-off the voltage foi a second shot. The sixth material, A120 3 - 25% SIC,.,
held off the full test sequence of pulses (over 1(X)). The whisker reinforced alumina
materidl was tested with both molybdcnun and Cu-W electrodes with similar results.
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Showh III I' gigure &I I, thrOf(,L1, .14 111V representaitive :inucoructurcs of:
traI~frni~ioI- ougeuc 7irL oniii CITl by C oors Ccramic%), partially- stabilized zir-

L.nuOfIS l!i by Njlcra I ic.), and zu:coniaI altiminau (173Y hy Ccramaicc Inc,) all after
''ne pukv.e aind Al;(), - 2151/, S i(', f ei 166I ( pulses, All of' the micrographs were taken
III IX))X, Ash thc rinivrograipIo s~how', thueic I% a f uiw niwork- of' cracks 'nII thc f irs:t tirec

ma'nuc:ink 1ii icr a Plirgir piuke Thew ctw6 ai vr~~hre idrnifical ifn apivar'ancc to those
been of) the cxposcd surfaccs of iWdvwced ceramuics tested by SP'A li' A in a railgiin at
vir Amny 1Rahlkilc Hescaurcht Vaboatiory in Aberdee, Maryland," This suhstantiatcs
thle 011%crvillioll that tile uImrx e pomirec tet fixt:urc at rITI is a gxxKi simulation of,
lail huiare 1c chp'misur daiageu~. 1.1gure 6.1-1 shows Ilhe optical miuirostructurc (if the
hurface or ilhe AhO. 2114 SiC. maler jatalte Am 160 ulses No crack network is seen
.11 N()XAi pg SENI ,ni4hi have reveailcd o

'I 11v III~ -,Ie llate11.1l 1;1N k wee umidde I(? huold Idh I the voltay'e for' ; second pulse, Thie
JICIJII 4stalin MI ll (hav!e IcsI~tTli, 1% a1 IC'sll1t of hotlm"Iti(Ion 0I 1 thini conicJUtivf layer of'
vircuitlinii Iliiial (P11 the sMari1er dtuici. (In- n'in~j1imition of thle vireorlia inl the ceramic.
hlýIcjh%V (1 il te 1111111 eCetk~Il~j pvllmlt~lum~lc of lit:i /I~llaa ceramics, these
!iIVt~I1.t% YwCie ditijij'cd 11oim) i;(IIIIdcianton inI fhic J1F1ui-nin. /,irconlia cerai~lcs are

111i1olly tile Ntronivv~ airld :tollyaco liv.hiah~le, so it was with some rcluctance that: they
%Ce adnudI)IIeIImc It %h a-, Ve y Lealci. hIII Iwve;.1 that: teCY could niot withstanad arc ex~posure

I /gI110 1, 11. PhIbtI'U III f, 'J 1,)0.111 ( I/I MO J II) 'itI 1/&i.L' of fsjn-,foriafloi
h'puoi~fi '('L /It.tmiJ' (I I," by &LOU..urafbucb) al/ti onc, putsc.,
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Figure 6.12 Photomicrograph of the exposed surface of partia.ly-stabilized
zirconia (PSZ by Nllcra, Inc.) after one pulse. 200X

. ,•

Figure 6.13 Photomicrograph of the exposed surface of alumina-zirconia
(TZ3Y by Ceramatec, Inc.) after one pulse. 200X
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Figure 6.14 Photomicro graph of the exposed surface of alurmna '2%SiC,.
after 166 pulses. 200X

The next series; of materials that were evaluatedCL Inl the Nl )S I II appamrats were cut
fromn the 6 x 6 x 0.25 inch (15 x 15 x 0.64 cm) ceramnic painels hot pressed for SPARTIA
by Cercom. Inc. (Tables 5.3 and 5.4). These consisted of two silicon nitride-hased
Comnpositions, and two aluminum nitride-based comipositions. All of thiese mnaterials
behaved poorly, failing to hold off the miore than 701h of the initial ap~plied voltage after
the first arc pulse. A sumnmary of these results are p~resented inl Talale 6-5.

TABLE 6.5 - Insulator Surface Breakdown Data

i nil ati nmiia
Material Lifetime Breakdown Breakdown
__________________ ______Voltage (WV) Current (kA)

SiN, - I Ov/o SiC ~ 1 17,28 1927
SiNA, - 8 Y,2Q -1 AIO, 1 24,32 271.2
AIN-OA4YAO - 25v/o SiC,, 1 2,6278.3
AIN - 0.4 YC)J 1 34538,

The valtics of thc AlIN mittri\ matcrikA ( With N' Widliuur thC SiloJI Cdl hllt'

the AIN, fortning alumiriini nica] (M tOW Strtai':e' 1a1d d~Nii' tiel)'lv iwiiupj (Nf Shu
circuiting) the hi-eak-down voltage. ', iheR- '01111S Catised the AIN hiwed Cehl~ili li);It

rials to bc droppeld Irom iftiu'th couisiderimi~ Min the I 1'k'a''~l



At thi% point in the electrical testing of tile advanced ceramic insulator materials,
it was decided that the rather a.bitrary level of 70% of initial applied voltage cut-off was
too severe, It was felt that the silicon nitride results, for example, might have had an
initial drop-off greater than 30% in breakdown voltage, but stil be above the 2kV/cm
value for railgun opcration on subsCquent pul.eCS, Thus, later SDS III tests were taken
to a greatcr number of pulses and maps were made of the brcakdown voltage versus
pulse number for cvcry pulse.

A fifth compositinn in this same series, silicon nitride - 30% mullitc, was also tested,
but it rcsisted arcing to such a preat extent that it surpassed the peak voltage capability
of tile testing system n after the third pulse, The rcsulti of this tcst arc shown in Table
6.6, This was the only specimen tested in the entirc program that showed progressively
increasing arcin g resi.stance after cacti pulse, tinfonumately, the mnaterial'!; mechanical
performance wa, not equally outstanding, With an average MOR strenglth ,aluc of only
0i3 kp.i (434 M'1io and a low Weibull mt'dulus, the material was eliminated from further
cons ideration, A sixth material that wa.,, tested , silicon t arbide - 3)% mui llite, exhibited
qluite thie oppJ•s,,ite bh-havit r from lite silicon nlit'inde, and was too conductive to be
tmcaurcd,

TABLE 6.6 - Initial Toot Results of Surface

Breakdown for Sl?'l, - 300/% Mullite

Sho1 # Brerakdow'i Voltiage (kV)

1 32.5i

2 34.0

The f(ru ill mtelrial s Cot",olhdated dint"in I lot Ptcss Rkun #14 were tested next. Shown
im) 'lga e (;,!. Itr tih . c,,ri:; I(1• r Ih. " I.!, f• I 'te loly with v;ld es from a1 .econd
spItiucln tof Si,N, - 30 vn umllite lut .rial Mtno'm lit ii pr.sN run 02 and tire AI,,) - 25%
SIC'. material that had betr r tst,.id prwveiusly, 1'tots ate displayed which show the
breakdownt voltager recor'•id for kach arn ,*r().S% a iven iristlatt~or for a least 100 shots
per ites', As the fI.ure derur Ir;te',, all !.i x ma1trials retainled voltage sallndoffs abovc

2kV/tin evCn; •atr I Of) i'.l', N. Mu ')f the d!:,ivcd dirop ii voltagc standofff caability
is, thrl to tir tnra 'ci ! , t ,, W'. hpmcrms hlrar tip due tothe arcing across them, After
allowingy tihC SljWci' 1.er1 r• t' hlth, e s,!rhd It volltiges ofte'l rearIi to levtels very close to
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Shown in Figures 6.16 through 6.20 are typical surface microstructures of the
ceramic materials with codes 483-2, 483-3, 484-4, 484-3, and 440-1 after exposure to
more than 100 arc pulses in the SDS II facility. As Figure 6.16 shows, the A1203 + 0.25
Y 20 3 + 8 ZrO 2 (483-2) experienced the greatest amount of thermal shock microcracking
of the four alumina based specimens. The addition of 5% Cr2O 3 (483-3) to the materials
(Figure 6.17) did not appreciably reduce the amount of microcracking. The addition of
25% volume SiC platelets (484-4) to the material (Figure 6.18) resulted in a smaller
crack network but the appearance of a large number of nodules on the surface, pres-
umably silicon metal from decomposed SiC. When the SiC was added in the smaller
form of whiskers (484-3), no crack network could be resolved at 400X (Figure 6.19)
but metallic nodules were still present on the surface, However, these metallic nodules
do not link up and the materials still retain standoff voltage of about 2.5 kV/cm after
more than 100 pulses. Figure 6.16 illustrates that the alumina materials reinforced with
25% SiCw, 25% SiC (platelets) and 30% SiCw, are somewhat lower in standoff voltage
than the A120, based ceramics without SiC included. This is most likely due to the
presence of the metallic nodules on the surface which act as enhanced breakdown sites,
however, the standoff voltage is still considerable.

The microstructure of the Si3N4 - 30v/o mullite material (440-1) is shown in Figure
6.20. No microcracking is seen at the 400X magnification, although numerous silicon
metal nodules are present. Despite the presence of the silicon metal nodules, the standoff
voltage is still above 8 kV/cm even after more than 100 pulses. The effect of mullite
on the retention of high voltage standoff on Si3N, based ceramics is a new and surprising
observation. As shown in Figure 6.15 both grades of unreinforced Si3N4 rapidly dropped
in voltage standcff to values below 1 kV/cm. The low MOR strength and Weibull
Modulus of this composition makes the material unsuitable for railgun applications, but
this discovery may, nevertheless, prove to be of value in other areas.
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Figure 6,16 Micrograph of A12O.-O.25 Y20,-8 ZrO2 (483-2) After Exposure to
Greater Than 100 Pulses in Arc Test Facility. Microcrack network
and limited spalling is seen. 400X

¶ t

N2

Figure 6.17 Micrograph of Al20 Q-8Zr02 -0.25Y2 03 -5Cr2 O3 (483-2) after expo-
sure to greater than 100 pulses in arc test facility. Microcrack
network and limited spalling is seen. 400X
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Figure 6. 18 Micrograph of AI,03-O.25Y20,-8ZrO2 - 25v/o SiC (platelets) (484-41)
after exposure to greater than 100 pulses in arc test facility.
Microcrack network and metallic nodules (Si) are seen. 400X

Figure 6.19 Micrograph of AI2O•.O.25Y2O•-8ZrO2-30 v/o SiC. (484.3) after
exposure to greater than 100 pulses in arc test facility. No micro-
crack network is seen, but metallic nodules (Si) are present 400X
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Figure 6.20 Micrograph of Si3N4-30v/o mullite after exposure to greater than
100 pulses in arc test facility. No microcrack network is seen but
silicon metal nodules are present. 400X

The most important series of insulator breakdown tests were those that were
conducted on specimens cut from the developmental 8 x 8 in. (20.3 x 20.3 cm) panels.
These panels were the highest quality panels made during the program with the
culmination of the improvements in ceramic powder blending and processing parameter
(time, temperature and pressure) development. This was especially true of the chromia
containing alumina materials, which earlier in the program (as shown in Figure 6.15)
evidenced electrical breakdown behavior similar to alumina without any chromia
addition. The earlier panels (cut from the 6 x 6 in. (15.2 x 15.2 cm) panels) were
subjected to EDAX elemental mapping which showed the chroniia was present as large
scattered clum1ps in the alumina. Optimized blending operations resulted in EDAX
chromia maps that were completely uniform with the chromia in solid solution in the
alumina matrix. This improved blending resulted in impr.vved electrical characteristics.
The results from twelve different materials, cut friom the developmental 8 x 8 in. (20.3
x 20.3 cm) panels are presented in Figures 6.21 through 6.24.

The most striking point that is apparent from comparing these graphs is that the
silicon nitride-based materials are almost an order of magnitude lower in breakdown
volta•te than th.'al - 1umina-based materials (notie,: the different seale: used on the volage
axis in the plots). The poor performance of the Si3N, is due to the fonration of nodules
of metallic silicon on the surface of the material during the passage of the first arc. The
second salient feature of thc comparison is that the presence of silicon carbide whiskers
significantly degrades the holdoff resistance of the aliniina. It appears, then, that it will
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not be possible to take advantage of the significant toughening effect confenred by these
whiskers. The semiconducting nature of the SiC greatly reduces the voltage standoff
capability of the ceramic composite material. This series of arc exposure tests led us to
conclude, therefore, that no materials containing either silicon nitride or silicon carbide
could be used as bore insulators because of their poor surface voltage standoff,

As discussed previously, the value of standoff voltage necessary for operation of
present or near-term railguns is in the 0.5 to 2 kV/cm range. For some types of solid
armature guns the required standoff voltage may drop to 500 Volts, even for large guns
(90 mm bore diameter). Thus the required voltage standoff may be as low as 150 V/cm,
and materials based on Si3N4 may be acceptable as bore insulators and certainly as
backup insulators for these types of guns.

A summary of the voltage breakdown behavior of the major advanced ceramic
insulator materials is summarized in Figure 6.25. The major conclusion to be derived
from the electrical arc testing is that the chromia containing alumina materials possessed
the best voltage standoff resistance of any of the materials (except for the mechanically
inferior mullite materials). As can be seen the chromia containing alumina material has,
on the average, a two to three kV/crn better breakdown voltage than the alumina material
without the chromia. In addition, the presence of the silicon carbide whiskers in the
alumina material further reduces the breakdown voltage another two to three kV/cm.
The silicon nitride material (reinforced with silicon carbide whiskers) was taken to over
350 shots, and still possessed approximately I kV/cm surface breakdown voltage
breakdown strength. Based on these observations, coupled with the results of the
mechanical tests, the chromia containing alumina material was chosen as the compo-
sition to be scaled up to the final 1.5 x 4 x 18 in. (3.81 x 10.16 x 45.72 cm) size block.
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6.2.2 Electrical Testing of Other Insulator Materials

During the cour,,, of the contract, various clectrical breakdown tests were performed
at 1IiU on a variety of ins~ilating materials besides those that were candidate ceramic
bot, insulmaing materials. These tests included:

S'1ft'ect of ultraviolet radiation on surface breakdown

P Effect of UV absoNtrber material on surface breakdown resistance

* Jireakdown strength of conventional monolithic ceramics including
nmllitc, cordiurite and steatite

* A linmited inveligaiti of four different advanced polymeric insulating

SMcWaNugC)enls of' tlh, voltage standoff properties of pure alumina and
Iwo , iales (if commoflnly used glass-Iicit

'lihice ihniilcials are (f interest to '%rcas of the railigun that are not exposed to the arc
erosion or the albramiJon and impact damage from the projectile, and thus were included
in thc Iroglat),

'I he resCarch leaIrn at "lexas "ech conducted a series of experiments to elucidate the

role of ultra' iolet iadiatimi in surface arcing, When an arc crosses a material, it emits
htlenis ultraviolet radi~ition which may produce chemical degradation of the material's
l,urfact which rdMuces its electrical resistance. Shown in Figure 6.26 is the ultraviolet

hpmctmi of itypical jraphite and mnolybden urn electrodes, As can be seen, the inolyb-

tlicui! cklectraodes eliut ,rhout 4() to 5()'/, higher ultraviolet (LIV) radiation intensity than
!he grp.hi!re 'trv es. A C, - 1) isnul:.tor can survive up ti tithr!ee times as many arc.,

when the e'lctiod's 'ire graphite, as oppos;ed to niolyhden urn. It is hypothesiz,!d that

the reason for this is tihe: harsher UV spectru-nm of the molybdenurm electrodes lead to

shill'a.e dathltag.e which lowers the voltage standoff strength of the G- 10, An alternative

explamttioni 1nij-lt he chat molybdenum is vaplrized during arcing and condenses onto

thC iIISlitullt su1laces, rnRttk'rilrg them1 1ore conductive,
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Figure 6.26 Spectrum intensity vs. wavelength (UV region) for molybdenum
and graphite electrodes

It was further hypothesized that a UV absorber material could be used to protect the
surface from the UV degradation. The commonly used organic material, benzophenone
dissolved in ethanol, was used to treat the insulator surfaces. The test insulators were
soaked in the benzophenone solution, dried, and subs-quently tested. The test results
for untreated and treated G-10 with molybdenum electrodes and untreated G-10 with
graphite electrodes is shown in Figure 6.27. The lifetime of the G- 10 with molybdenum
electrodes was increased by almost a factor of three by treating the surface of the G- 10
with the benzophenone. Also shown for reference is untreated G-10 with graphite
electrodes illustrating the greater voltage standoff capability of the G-10 with graphite
electrodes.

Limited tests were also performed on TEZ (transformation-toughened zircorlia)
insulators. This material withstood only one pulse in the voltage stand-off test. After
soaking in the benzophenone, it survived two pulses. The benzophenone probably forms
a molecular monolayer on the surface of the ceramic, but does not penetrate into it. It
would, therefore, be expected to ablate away during the first arc exposure. Zircoria
ceramics had been previously disqualified from the program on, the basis of their poor
surface voltage standoff performance.
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Figure 6.27 h-flect of graphite vs, molybdenum clectrooas and trualng of G 10
with benzophenone on the voltage stand-off capability of G 10
insulators

The electrical testing also included som. "Co'nvenlii(oll " 4,C'aitilit. uiate'h.1 Is if)

addition to the custom-formulated "advanced" cerami's, These maieri~tis were intllil¢

(aluminum silicate), cordierite (nmagne sitn alUfli U ll Ni iCt¢), and stealtite ( Itlaglithi url
silicate). These matcrial.s arc commonly Lised ais electrival insul atoirs if) less demanldi flg,

lower voltage applicatil) D)ata from these tests i , prewrntid in Taible (0.7 (Graphs of

the standoff voltage as, a function of li numblter (A arc puilse:s a:r phloted in I'Igures 6,2h
through 6,30, All three matrorials reained ,,substantial hoddof I streI.!gth I .beyond I(10

cycles, The ste¢tite dropped below 7014. of it, is i iat holdofT strengt itlterj'i',t 28 cycles,

however, TIhe x pedr'larliace of fithe lntillite ik similar lo the 'csutllts seCn with the S•Jlicon,

nitride-30% nmullite mnatcrial lusted previou sly. It electrical IMerhllaltlCC ih0lone tlCdter-

mined the selection oea rail,,in insulator uatcntrial. midlite would be a leadiily candidate,
Hlowever, this maetrial has very low M(O)R ,trcNgth and Iraciture toulhm,,ies,, so it dtiws

iot imcrit further considtritiotil,
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TABLE 6.7 -- Arc Exposure Data on Three Conventional

Engineering Ceramics

Mullite Cordierile Steatile

Electrode Material Mo Mo Mo

Lifetime' >137 100 28

Initial Breakdown Voltage 9,45 7.81 13.86
(kV/cm)

Initial Breakdown Current 269 222 394
(kA)

Averaie Pulse Rate (Hz) 0.6 0,8 0.7

Weight Loss of Insulator (g) 0.25 0.25 0.17

Weight Loss of Electrode (g) 006 0.02 0.05

Litutime is defined as the number of shots required to reduce the
holdoff voltage to 70% of the initial breakdown voltage

100
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4,n

0"prq
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Shot Numbei

Figure 6.20 Voltagu holdoff rocovery be ha vior of mu/lito ceram irc as measured
at SOS Il/ Iacflity at TT7
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A variety of other commercially available insulating materials was also studied to
determine their high voltage surface standoff capabilities. These tests examined both
polymeric and ceramic materials.

Four different advanced, state-of-the-art, organic insulating materials manufactured

by the Polymer Corporation, Reading, PA, were tested in the standing arc SDS III
electrical test facility as shown in Table 6.8. One material, Celezole U-60, became
conductive after a single pulse, most likely due to formation of conductive carbon
containing soot on its surface. The other three materials were tested to approximately
100 shots and the results are shown in Figures 6.31 through 6.33. It is difficult to directly
compare the results of the organic insulator materials with those of the ceramics because
of the much lower thermal conductivity of the organic insulators. The tests were per-
formed at a frequency greater than 1 Hz and thus heat build up occurred. The ceramics,
which have a much higher thermal conductivity and temperature resistance capability,

are able to withstand a larger number of pulses without overheating their surfaces. The
organic materials tended to overheat and degrade faster than if their surfaces were kept
cool between pulses, however, a useful comparison can still be made between the dif-
ferent organic insulators.

TABLE 6.8 - Results of SDS Standing Arc Tests of Advanced
Organic Insulator Materials

Material Material Result Mass
Trade Name Composition Loss (g)

Celezole unknown Conductive after 1 -
U-60 pulse

Torlon 4203 polyamide-imide Dropped to 2 kV/cm 0.07
after 75 pulses

Ultem 1000 polyetherimide Dropped to 5 kV after 0.22
110 pulses

Ultem 4001 polyetherimide Cycled belween 2 and 0.09
9 kV/cm up to 85
pulses

The Torlon (polyamide-imide resin) grade 4203 material (Figure 6.31) dropped from
14 kV/cm to 2 kV/cm holdoff strength after five shots and then cycled through levels
of 2 to 9 kV/cm. This phenomena was probably due to burning off of surface layers of
materials and exposing new material which increased the holdoff strength periodically.
Both grades of Ultem (polyetherimide resin), 1000 and 4001 (Figures 6.32 and 6.33

..pectivey), revealed the same type of periodic behavior as the Torion material,
however, the Ultem materials exhibited greater voltage holdoffstrengths than the Torlon
material. The strengths exhibited by the Ultem 1000 material (above 4 kV/cm except
for one point) demonstrates it usefulness in systems where arcs would play against it.
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The mass losses exhibited by the organic insulator specimens compare with values
of 0.01 to 0.04 grams for typical high quality ceramic specimens. And considering that
the ceramic specimens are two to four times as dense as the organic insulators, the depth
of eroded material is thus five to forty times less for the ceramics than the organic
insulators.
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Figure 6.31 Voltage holdoff strength versus number of pulses for Torlon 4203

polymer.
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Figure 6.32 Voltage ho/doff strength versus number of pulses for Ultem 1000
polymer.
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The examination of commercially available ceramic high voltage insulator
materials also included AD994, a relatively high purity alumina made by Coors
Ceramics Company of Golden, Colorado, and two grades of Mycalex made by
Mykroy-Mycalex Company in Clifton, New Jersey. The grade 400 Mycalex is made
from natural flake mica in a glass matrix. The grade 1100 Mycalex is made from
synthetic flake mica in a higher temperature glass matrix. The voltage breakdown
strength versus number of pulses for these materials is shown in Figures 6.34 to 6.36.
As expected, the pure alumina performed well, with little degradation in surface
breakdown strength. The mica re~nforced materials did not perform as well but still
stayed above 5 kV/cm breakdown strength.

15[

Breakdown
Voltage 10(kV/cm)

5

0
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Figure 6.34 Surface voltage breakdown vs number of pulses for AD994
alumina.
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Figure 6.35 Surface voltage breakdown vs number of pulses for Mycalex 400
glass/mica composite.
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Figure 6.36 Surface voltage breakdown vs number of pulses for Mycalex 1100
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6.2.3 Conductor Materials

Early in the program before the decision was made to focus entirely on advanced

ceramic insulator materials for EML bores, limited work was done on conductor
materials for EML bores. This work centered on two different projects:

"• Testing of electrode materials at Texas Tech University using their
MAX I High Coulomb Stationary Arc Test Device

"• Testing of sliding contact behavior of various conductors using a mov-
ing contact test facility at lAP Research, Inc. in Dayton, Ohio.

Each of these tests are described in this section.

The surface discharge electrode tests were conducted at the electrical engineering
department at Texas Tech University (FTU) in Lubbock, Texas as part of the Doctoral
Thesis work of Anthony Donaldson. 23 The tests were conducted in their MAX I Sta-
tionary Arc Test Device, which is a surface discharge switch device similar to that used
for the testing of the insulating materials. Shown in Table 6.9 is a summary of eighteen
different electrode materials that were tested at TTU. The pedigree of the materials is
described in more detail in Table 6.10. The effective charge transferred per shot is a
function of the resistance and the work function (energy required to remove an electron
from the surface of the electrode) of each electrode material. Thus, the charge trans-

ferred was different for each specimen. The volume eroded data was determined by
measuring the weigiL loss after repeated shots, and dividing it by the electrode material

density and the number of shots. In order to normalize the test results, a third column
in Table 6.9 gives the volume of material eroded per coulomb of electric charge trans-

ferred. The materials have been placed in order of increasing material erosion (per
coulomb of transferred electric current). The most erosion-resistant materials are listed
at the top, with decreasing performance seen as one moves down the list.

The tests summarized in this table were conducted at extremely high levels of
charge transfer/area per shot. Such conditions are not representative of the clcctric
current transfer in railguin conductor rails. For example a 6mn length x 90ram bore railgun
with a peak current of 2,500,000 amperes will transfer about 1,100 coulombs. This is

about 22 times the 50 coulombs transferred per shot in the T"I'U tests (Table 6.9).
However, the surface area of one of the conductor rails is about 600 times the area of
the electrode test specimens, so that the charge transfer density was about 30 times
higher in the electrode stationrr arc tests than the average in railguns. However, in
locations such as in the near breech region where the projectile is traveling relatively
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slowly and the cotrrent is high, the difference in charge transfer density may only be five

times greater for the stationary arc test than for railguns. Thus a typical railgun has a

charge transfer (in local areas) of about 2 to 10 coulombs per shot, depending upon
location in the bore. The greater charge transfer density in the electrode tests leads to
gross surface melting, which makes the erosion/charge numbers in Table 6.9 inappro-

priate for direct application to railgun conductor design and materials selection. The
tests are useful, nevertheless, for ranking the electrode materials in terms of relative

performance.

TABLE 6.9 - MAX I High-Coulomb Stationary Arc Test Results

Electrode Material Effective Volume Volume Eroded per
Charge/Shot Eroded per Coulomb
(Coulombs) Shot (cm 3x1O"-/C)

(cm 3x 10.)

CuW #1 + Ir 53.8 134 2.49
W #2 49.4 126 2.55
CuW #1 + Sb 37.4 97 2.59
CuW #3 (30W3) 56,7 149 2.63
CuW #1 54,0 148 2.74
CuW #2 (3W3) 53.8 149 2.77
W#1 51.2 156 3.05
CuW #1 + LaB, 56.5 215 3.81
Cu-Nb #2 51.8 248 4.79
Cu + LaB 6  49.5 238 4.81
Cu-Nb #1 51.8 259 5.00
Cu-Nb + LaB 6  55.8 338 6.06
Mo + LaB6  54.0 356 6.59
Cu-AI203 (AI-60) 52.2 347 6.65
Mo 46.5 327 7.03
Cu-Ta 50.0 505 10.1
Cu-At 203 (Al-15) 61.1 624 10,
Cu #1 50.4 576 11.4

On the pages which follow, a series of eight graphs is presented in Figures 6.37
through 6.44 which shows the arc erosion performance of a large number of electrode
materials. The experiments cover a wide range of charge per shot, and it is clear thal
when plotted on a log-log scale, the relationship between volume eroded per shot ani
charge pci shot is generally quite linear.
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TABLE 6.10 - Composition and Origin of
Electrode Test Materials

Designalion Composition Source

Cu + LaBf, 97%Cu - 30,11LB, Metaliwerke Plansee GmbH.
CuNb 85%Cu -15%Nb Metaliwerke Piansee GmbH.
CuNb +LaB, 83%Cu-14%Nb-3%LaB 6  Metaliwerke Piansee GmbH.
CuW + LaB, 66%W-31%Cu-3%LaB, Metaiiwerke Plansee GmbH.
CuW #1 + Sb 66%W-31%Cu-3%Sb Metaliwerke Plansee GmbH.
CiiW #2 (3W3) 68%W - 32%Cu 0MW Inc.
CuW #3 (30W3) 80%W -20%Cu 0MW Inc.
CuN,)#1 Cu-12%Nb Supercon, Inc.
CuNb #2 Cu-12%Nb (finer lila- Supercon, Inc,

L menis)

I vi
I DuI

C, E

-. 7-1

Flpurc 6.37 Sowafo iiiry arc v ros lo I tfLýt usullts fot four copper. ba sod hlritmspho rical oluctrode
ti idl'ri a/s fetvd tvri In h Ma~x / apparatus at 7TFU.
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Figure 6.40 Stationary arc erosion test results for hemispherical electrodes as

a function of the effective charge per shot for Tungsten alloy W #1
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Figure 6.41 Stationary arc erosion test results for hemispherical electrodes as
a function of the effective charge per shot for Tungsten alloy W #2
with its grains aligned perpendicular to the electrode surface.
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Shlown in Fig4urc 0644. is the vol mm: of- Itungstenl Clectrode alloy eroded Per shot its a
ftunction of effective charge transfer tii couilombs) per shot, Tlhe tuingsten atlloy wits
W-bNi-4Cu (by wci ghit) ard wits (lesigftimwd W 43,. As with previous tests, the total
charge tranrmfcr per test poini wais abouit 1SO 501oulombs, Thius for the test point at I
cou.0lomb charge transtfer per shoi, abouti 15001shots (pitIses)were tise to obtairn the 15WX
coutlomibs of* total c harp e tra nsfer, T he totAl e leetrode vol uuie eroded wats then divided
by 1500) to arrive al the volume of* electrode material eroded per shot,

A tun~gSten llo 111rV ufaI1,ctUred by CM1W. Inv. of i dianapol is, Indiana (gralde 1000.))
an1d a n iobi Llill r i riforced copper aIlloy man 1111ii tfaCtird by S UleiV'Cof Inc, of' S hre wsbUry,
Massachuisetts, exhibited greater arc erosion resistance at tow couilomb levels than
previouisly tested copper-tuingsten atlloys arnd different grade-s of)I n biuim-copper. The
materials were tested Ini the pie viou sly' ti Ii ied Mairk VI systeml at TIIti'i ising, 1 .27 cm
(0.5 in) diauunivii Iieuiiispliericileetrdc with) a gap (4' 1 cml (0.30 ill),

Ihe copper niobmium material (Cui N) 4,3 ) had a hi _ llvr niohinn filaenilt denisity thin
the prvviously, tested Cui - Nb H12 nicati ial, Tits was afcowipli~.lCd bY fuLrther eXtrusionl
(f tdie L~opper-niobiuim billet, therebI inl.' cresig hliwnsi of, the filnileuiis. It is
posSIble t~n hese f1c.1Iner 1, :"lir1-lltS a1cted a', etieRT eI-Clecton eui:terS and)( thus1 reCduced
cf)iosili at t11e surfaceC of t11elCtde. I however-, as shown1 ill jllgur 6,A3, after the

124



coulomb level reached about 5, the two materials (Cu-Nb #2 and Cu-Nb #3) behaved
similarly. This was probably due to the melting of the niobium filaments at the surface,
partially negating their emittance properties. The Cu-Nb #3 material is compared with
previously tested CuW+Re material in Figure 6.44. The value of volume eroded per
shot was significantly reduced at the lower coulomb levels. As discussed previously, a
typical railgun environment has a charge transfer of about 2 to 10 coulombs per shot,
depending on location in the bore.

As part of an advanced armature program that lAP Research, Inc. in Dayton, Ohio
was conducting they agreed to test a conductive ceramic in their moving contact test

facility. This device uses a current flowing from a stationary contact to a high speed
rotating disk, The contact pressure between the stationary contact and the rotating disk

is adjusted and measured at various electric current levels. Current densities of 100 to
IMRX) kA/cm2 and armature speeds of 1 km/s can be evaluated in this facility. SPARTA
produced five disks for test: one from the electrically conductive ceramic titanium
diboride (TiB2 ), one from pure molybdenum, one from the alumina dispersion
strengthened copper alloy Glidcop A160; and two from the copper alloy 110 to serve as

a control. The disks were 5.0 in. (12.7 cm) in diameter with a 0.350 in. (0.89 cm) hole
in their centers and were 0.25 in. (0.635 cm) thick.

Unfortunately there was not sufficient program funds at lAP to test the molyb-
denulm and Glidcop dsks but the titanium diboride disk was tested. At a peak current

density of 790 kA/cm2 the disk's perimeter was damaged and the tests stopped. The
material exhibited a reasonably low contact resistance density which is important for
solid armature railgun use. Because of the low ductility of the material the tests must

be run very carefully to avoid overstressing the edges of the specimen. Thus, the 790
kA/cm"1 value may not be the true peak value.

6.3 Testing in the FLINT Railgun

6.3.1 Analysis and Modification of FLINT Gun Configuration

The FLINT gun is a small, square cross-section railgun which was used to test
ceramic insulator materials produced in this program. It is located at the U.S. Army
Research, Development and Engineering Center (ARDEC) at Picatimny Arsenal, New
Jersey. The gun is built to the same design as the Plasma Utility GLan (PUG) at Eglin
Air Force Base, Florida. The design of this gun makes replacement of bore insulators
easy, and requires only simple rectangular shapes for these insulator panels. The purpose
of the FLINT gun testing was to subject candidate cerarmi jinsulliLoy materials to the
combined effects of all the mechanical, thermal, and electrical stresses present in an
actual railgun. Before testing in the FLINTgun was begun, it was modified by replacing
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some of the original insulator backup materials (G-10) with stiffer materials (graphite
fiber reinforced epoxy) to reduce the deflections which the bore insulators would

experience dunng firing.

A cross-section of the modified FLINT gun is shown in Figure 6.45. The insulator
blocks were two different materials; bore facing blocks and backup blocks. The bore
facing insulator rail was the test material while the backup insulator block was made
from a directionally fiber reinforced resin matrix composite material. Requests for
quotes were sent to several companies to determine the feasibility of using E-glass,
S-glass, or a grade of graphite as the reinforcing fiber for the backup blocks. Graphite
reinforced epoxy was selected as the replacement material. This material, oriented in

such a direction as to provide the maximum stiffness between the side wall loading bolts
and the bore insulator would offer a 5 to 12 times advantage in stiffness over conven-
tionally used G-9, G-10, or G- 11. This increased stiffness would result in reduced
bending of the bore insulator ceramic test rail, which is very important for the
survivability of the brittle ceramics. The conductor rails are backed by a 1.68 x 3.9 x
28 inch (4.3 x 10 x 71 cm) block made from the same materials used for the insulator
backup blocks, graphite reinforced resin matrix composite. As in the case of the insu-
lator sidewalls, this offers improved stiffness to reduce bore deflections.

An analysis of the stress state of the ARDEC FLINT gun was conducted. Actual
material properties and barrel prestress states were used. The modified materials test
section was compared with the previous design (and materials) used. The gun was
modelled using a finite element code for the purpose of analyzing insulator deflections

after upgrading with the higher modulus backup insulators. The properdes of copper
alloy A160 (alumina dispersion strengthened) was used for th': conductor rail modeling.
The backup insulator was modeled as 62 v/o graphite in an epoxy matrix with 20% of
the graphite fibers oriented along the bore length and 80% of the fibers perpendicular
to the bore surfaces. The backup insulator properties were calculated using the computer
modeling program ICAN (Integrated Composite Analyzer) based on the available
property data of unidirectional layup graphite epoxy. The stresses and strains predicted

by the model are mapped in Figure 6.46. Factors of up to 25 in reduction of displacement
at the bore were calculated indicating the level of stiffening due to the modification.
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6.94 in (17.63 cm) -

Steel Backup Plates

HTH Bore (10.40 in (1.0 cm]

Ceramic Test Rails n

Conductor Ro';

Graphite-Epoxy
Oriented for

LLL kiaximum Stiffness

Figure 6.45 Cross -sectioion of mo:dified FLIN T gun used fo( testing of advanced
ceramics as bore insulators,
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The 2-D model of the barrel considers the interfaces between the barrel components
as interface elements. This allowed us to examine the possibility of gap openings
between the component materials such as between a conductor rail and a bore test
insulator. Plasma and solid armature cases with 45 kpsi (310 MPa) bore pressure were
analyzed. The effects of the originally designed prestresses of 30 ft-lb (41 N-m) torque
on the side wall bolts and 60 ft-lb (81 N-m) torque on the top and bottom plate bolts
were investigated, as well as the effects of doubling these values of torque. It was

necessary to increase the prestress to maintain compression and to prevent separation
between the rail and the test insulator (to prevent plasma leakage) during the plasma
armature shots.

Figure 6,46 shows the predicted displacements and the Y direction (vertical) stresses
of the modified FLINT gun utilizing a solid armature with a rail pressure of 45 kpsi (310
MPa) 1350 kA/cm rail linear current density) and torque prestresses of 30 and 60 ft-lb
(41 and 81 N-m). The elastic modulus of the test insulator was modeled as 50 Mpsi
(345 GPa). The conductor rail deflects outward 0.002 in (0.05 mm) for the modified
FLINT design compared to 0.050 in (0.125 mm) for the original square bore design.
The maxinum Y-stress of 32 kpsi (220 MPa) is localized at the rail and is below the
yield strength of A160 (83 kpsi (572 MPa) at room temperature). The Y-stresses in the
graphite epoxy are below 4.5 kpsi (30 MPa), and the Y-stresses in the test insulator are
below 13.5 kpsi (93 MPa). These values provide an adequate margin of safety against
material failure.

6.3.2 Testing of linsulator Sanples in FLINT

The railgun tests of advanced ceramic insulator rails in the FLINT railgun at ARDEC
were conducted in August of 1989. The three pairs of rails tested are shown in Table

6.10, Shown in Figure 6.47 is a photograph of the first pair of rails after three shots in
the FLINT gun, Quite a bit of difficulty was encountered in the assembly and alignment
of the ceramic insulator rafils in the gun. Shims had to be used in order to bring all the
bore components into tight contact. The first set of test railh was successfully loaded
into the gun and torqued to pre-set conditions. However, it was discovered that one of

the shims had moved so it was decided to reassemble the bore components. Upon
re-assembly and torquing of the top and side bolts, both insulators developed through-
cracks in them. The cracks were not open, however, so it was decided to fire the gun.
The gun firing did not cause the cracks to expand or to spall any material, thus a second
and third shot were fired on the saillc set of rails.
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TABLE 6.10 - Three Ceramic Insulator Samples Tested In the

FLINT Gun

Test # ID # Composition Outcome

1 N081 AI203-0.25Y2O3-8ZrO2 Both rails broke during assem-
bly, but no further damage
occurred during three shots

2 4-253-4 Al20 3O0.25Y 2O3-8ZrO2 Rails loaded and fired three
times successfully

3 N080 Al20.-0.25Y2O,-8ZrO2- One rail broke during assembly,
5Cr203 but no further damage occurred

durir.g three shots

Figure 6.47 Photograph of the first pair of rails (NO8 1) after three shots in FL INT
gun at ARDEC.

The second pair of rails was successfully assembled into the FLINT gun and fired

three shots with no damage. One of the rails from the third pair cracked at one location

during assembly.

The first two sets of rails that were exposed were lower priority rails as they were

used in order to establish set-up and test conditions for the railgun. The third set to be
exposed were the higher performance materials selected from the results of the screening.
tests. At this point in the program, the FLINT testing was terminated because of bud-
getary limitations at ARDEC. The limited experience that was gained with the three
pairs of samples that were tested indicate that advanced ceramics are indeed capable of
withstanding the railgun environment. The cracking which did occur took place during.
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assembly, and not during gun operation, and even the pieces which did crack on
assembly remained functional during the tests. This illustrates the importance of careful
tolerancing of bore components and careful installation techniques during assembly
when ceramic components are used.
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7.0

SUMMARY AND CONCLUSIONS

This program focussed on the development of advanced ceramic materials for use as
bore insulators for electromagnetic launchers. 'The results clearly demonstrated the feasi-
bility of utilizing tailored property ceramics for this difficult application. Some valuable
work was also accomplished on advanced conductor rail materials. Analysis conducted early

in t'-e program demonstrated the potential of the hard, stiff (high modulus), strong, and

electrically insulating nature of advanced ceramics to dramatically improve the performance
of EMLs. These properties are in contrast to those of currently utilized glass fiber reinforced
polymer matrix materials which suffer significant ablation and erosion, have low stiffness,
and are not capable of rep-rated operation withc it significant intershot rework.

The following items sumnmarize the key results obtained and important conclusions
reached during the program:

1. Ceramic bore insulators lead to improved EML perjormance. - Advanced
ceramics, through the use of micro-architectural tailoring, can be utilized as rail-

gun bore insulators to result in improved gun performance. Improvements arise
because of their hardness (to prevent gouging and erosion by projectiles) and high
melting or dissoiation temperature, which leads to reduced ablation during

exposure to the plasma, and thus dramatically increased bore lifetime. Less ero-
sion and ablation leads to a smoother bore, which decreases the amount of damage

the projectile sees while in bore due to balloting and abrasion. Another advantage
is the increased stiffness, which reduces bore deflection and thus improves pro-
jectile/ bore interactions, gun efficiency and accuracy (less dispersion). Increased
flexural strength resists the bending loads caused by plasma and electromagnetic

pressures. Superior surface voltage standoff capability allows operation of a
rep-rated gun without the need to remove conductive residue fron) the ,,urfaci of
the insulator between shois. Even guns that are not rep-rated would b.,knefit as

considerable time and effort is expended with current railguns in cleaning the bore

betwcen shots.
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2. Mo.Ai adia,+w.d ceramics lose their surface voltage standoff capabiliy after
etpt,.surr' o ele, htrical arcs. -The choice of ceramic material is severely restricted
by th': requirement for rep-rated surface voltage holdoff strength. This is most
importrat foi, plasma armatures and less of a concern for solid armatures, Many
ceramic materials dissociate under the intense beat pulse from the plasma arc,
resULltin., in 'he formation of a conductive metallic film or nodules on the surface.
This film can effectively short circuit the bore, preventing operation of the gun.
A wide variety of ceramic materials evidence this behavior, such as silicon nitride,
a'uminum nitride, and ceramics with more than about 5% zirconia. Alumina-
based materials do not exhibit this conductive film formation and do possess the
necessary surface voltage standoff resistance necessary for use as EML bore
insulators (plasma or solid armature).

3. A inicros'+truw turally louughm'd alumina-iconia.chrwnia cerami c was devew? hwd
which .sali.sJw. all bore, insulator requirements, - Large, high quality pieces of
A1.0, - 5'A/ ZrO ', - (),25%4 Y.O, - 51(,Cr.,O, material were successfully fabricated.
"1lc 1 iitate vial's m icr(JstructLre revealed good distribution of constituetnts and
lihast.S 101 , iplIoVCd )L(tghness, small grain siz- (for improved strength), and a
niraed mode high energy fraclure surface (leading to good toughness). The goal
proptrtics werc all exceeded as shown in Table 7.1, Tlue measured values were
1iAikc li) n lt- Wii edst Si/C IiCCt1C sialed-Lup in the prolgramt, 1.5 x 4.0) x 18,) inclhes
(3.i' \ 1(1.2 x 45.7 tc). A patcnt for this material has been applied for,

"I li: i, opet tics iealizcd fr in this miaterial were mado possible through the
IllICroarJt.Chil c.ltural l,--igning (taiioring) of* natCrital utiliiing theI concepts dis-
cussed i S,''ion 5.1. 1 hews tailoring nmth>ods included the proper choice of
lll1tlix I 1111,Ij for haic setVigbIth, tloughness and Celctrical properties; the solid
soluiioi strc~itlr'.hcing by the chtromia which Also increased tf,:" surface voltage
SliUit',d sfreiuth,'): tht' grainl size Iclining which r,:,uItCd ifI 11n average grain size
(Al 1(0 iu1'.roiis I {1ý0. 000.i ; the) USe of 1.I'L(iiiii iiald Vttriai ats glassy grain, boundary

p0' 1 st. o n, tugti , lWFial inl order to Ierlnit full Consolidation ;tt mloderaie tcm-
cI at•tie,,; anL the u,,S (of theC samic Iatemrials ( zirconia and yttria) as second-phase

,s 1t' lII ! h1 ' f l,.'l c ,

-1 '11 w/t' tt'1 c (' (illa /wfilbhrjcatd I'll Jaill/ ('cll' rai? s('gJincls without los.j of
fib i/r,/,t Is.. Stlien0gth1 vliLCes fo)r Cxpeir'i mCntal adivancCd ceramics ate oftcn

eI t'CI)Lhd !0I Ve'lV ,,I 111, litlhoiiora v-sal! sp)ciiitctis which cantnot hc reLproduccd
In mll U ,st'e "1S. 'I vatlu'Vs, lieC d inT 'lablc 7.1 wCt wtatti•d inl the lIargcst sizc forl'
pIodutic -d I;) hO lt-ej ra Iii hulinig 1.5 x 4.( x 18.0 inichcs (3,8 x 1(0.2 x 45.7 crn).
'IhIl', s•ie iN :0ir:,lirit it % o liwht would b" ICticdd for the aCtulall ftabrication of'
huge 't' iitiu•'tl borelt I~tuslltiiis,.
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TABLE 7.1 - Measuredl vs Goal Properties of AlumlIna-Zirconla-Chromla
Bore Insulator Material

Properly G3oalI Measured[ ___________________Value

99 9% Design Allowable 150 kpsi (345 MPa) 68.1 kpsi
Flexural (MOR) Strength, _________ (470 MPa)

Fracture Toughness 5.0 kpsi-in"2' 5.3 kpsi-in"'
_________________ (5.5 MPa-m"1 ) (5.8 MPa-m112 )

Elasfic Modulus 40 Mps3i (275 G~a) 42 Mpsi
_____________________ ____ ___ ____ ___ (290 GPa)

Surface Voltage 2 kV/cm 8 kV/cm
Standoff (after 100 atcs) _________

5. Chronzia additions produce sup~erior voltage standoff in alumina Ceramics,. - Thle
addition of chromnia to the alum-ina-based ceram-ics results in improved surface
voltage standoff strength, especially for repe-titive firing conditions. In addition
thle chrom-ia acts as a solid solution strengthener and proper amiounts added to
alumlina result in increased strength. The addition of SiC whiskers to the alumlina.
while improving mechanical properties, decre-ases the Surface voltage standoff
strength due to the intrinsic semiconducting nature of the SiC material.

6. Whisker-reinfrrced svilic on nitride was produced with remarkable mechanical
properties. - Relatively large panels (1.5 x 4.0 x 8.0) in. (3.8 x 10.2 x 20.4 cmi) of

silicon carbide whisker reinforced silicon nitride ceramic were also fabricated.
The mechanical proper-ties of this material were better than the alumina-chrom-ia,

With V'altieS of W8X kpsi (681 Wit) MOR strength (99.9% reliability). 8.8 kpsi-in~"2

(9.7 Mamfralcture toughnecss, and 45 Mpsi (311 G31'a) Modulus.

7 Silicon nuIdules firm on tile .surfic oJI silico nneupnacepsue 'f.
promnis~ing it.s insvularing abilitY. - Silicon nitride based ceramics, despite their

impressive mechanical properties, are only marginally ad~equate for use in EMI-s
becauLse of thc dissociation of the silicon nitride to formn nlodules of silicon mietal
01n thce Surface exposed to the arc. These silicon nodules arc not interconnectecd
(even after multiple Pulses) SO the material possesses a finite surface voltage
holdoff sti-c ngth of about I k Vcm (with no cleaning bet wee n shots). This level
of- sua ndoff su engr Ii 1may still be ade(uacCMI for (certain types of solid, hiybrid, or
tranasit i(n in g arma11ture guns. A nothcr application Would be to on I yU SC the mlateriatl
in the breecch section of' the gun in the length before a solid arm-ature could
transition to a plasmna armaiture.
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8. Experimental ceramic insulators were successfully test-fired in the FLINT railgun.
Railgun insulator test segments (0.840 x 0.250 x 8.000 in. (2.13 x 0.635 x 20.32
cm)) were produced and successfully fired in the FLINT railgun at the U.S. Army
Armament Research, Development and Engineering Center (ARDEC) at Pica-
tinny Arsenal, New Jersey. The bore of this gun had been analyzed, the then
currently used G-19 backup insulators replaced with directionally oriented
graphite reinforced epoxy to reduce bore insulator deflection during a shot. These
tests demonstrated the low ablation potential of the chromia/alumina material.
Important lessons were learned about the need to design a system for the ceramics
by proper tolerancing of components and proper installation techniques.

9. An extensive series of candidate insulator materials was ranked for multiple arc
exposure resistance. - A wide variety of insulating materials: ceramics, resin
matrix composites, and monolithic polymers was exposed to a rep-rated (ap-
proximately 1 Hz) plasma arc with a representative railgun current density at Texas
Tech University. These tests were performed to assess their surface voltage
standoff strength. The microscopic surface appearance of the exposed materials
closely mirrored that seen in railgun exposed insulator materials. This demon-
strates the validity of the apparatus for the electrical testing of railgun insulator
materials.

Although the chief emphasis of this program was on the development of improved
insulator materials, some valuabl, work was also performed in the evaluation of advanced
conductor materials. The refractory metals tungsten, molybdenum, niobium, and rhenium
were investigated in various combinations with copper. The refractory nonmetallic com-
pounds lanthanum hexaboride and titanium diboride were also examined. The primary
conclusions arising from this testing of conductor materials is as follows:

10. Titanium diboride shows promise as an advanced conductor rail material. -
Electrically conductive ceramics show some potential for use as conductor rails
for EMLs. Limited work in the program focused on the ceramic titanium diboride
(TiB 2) which posse:,ses an electrical conductivity of approximately 24% I.A.C.S.
(i.e. about 24% as conductive as pure copper). No railgun tests were performed
with the material but sliding contact tests conducted at I.A.P. Inc. in Dayton, Ohio
demonstrated that the diboride material possessed excellent current passage
characteristics and can accommodate a very large amount of electrical "action"
(current integrated over time) before melting or dissociating. Much additional
effort would be required to use the material as an actual i tilgun conductor rail
because of it's limited ductility and resistance to shock (thernal and mechanical).

11. Some rclra:lorv netiai material.s were Ifund to he mrre resistant to) arc erxin
than pure copper. - There exist many materials with arc melting resistance superior
to pure copper. SPARTA has conducted ninmcrous prior programs that demon-
strated the uisefulness of cladding refractory metCals (niolybdenml Urn, tungsten and
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tantalum) on copper substrate for use as railgun conductor rails. High coulomb
stationary arc tests conducted at Texas Tech University revealed that a wide
variety of additional electrode materials (obtained from electrode manufacturers
in the U.S. and overseas), not previously investigated for use as railgun conductors,
possessed erosion resistance up to four times greater than copper, These materials
are generally not available in the sizes and forms needed for rails, however, and
much additional work is needed to turn them into viable rail candidates.



This ptgc is intmntionally left blank.
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8.0

RECOMMENDATIONS FOR FUTURE WORK

SPARTA's program resulted in the development of a ceramic insulator material that
meets the mechanical and electrical requirements for use as an electromagnetic railgun bore
insulator. The feasibility of scale-up to sizes representative of those needed for use in current
full scale guns was demonstrated. Additional issues still must be addressed before the
ceramic material can be utilized with confidence in EMLs, however. These include:

I Demonstrate the affordable and repeatable production of full-scale ceramic
insulator segments by methods such as near-netzshape forming. - Only one large
scale (1.5 x 4 x 18 in. (3.8 x 10.2 x 45.7 cm)) block was fabricated during the
completed program. Additional blocks must be made and tested in order to
demonstrate the reproducibility of the mechanical and physical properties. The
large sizes made were hot-pressed as rectangular blocks. Specimens were cut from
them with diamond tooling. The future ceramic bore insulator segment shapes
may be somewhat complex, so their production by lower cost methods, such as
near-net-shape forning is necessary. A study involving the hot-pressing of
cylindriciai ,laicis or shell segments should be performed to demonstrate the
retainment of mechanical and electrical properties in these somewhat more
complex geometries.

2. Denonstrate nondesiructije flaw detection. - The fracture tou'ghness goal that
was established in this program waw based on the premise that any material would
be discarded which was found to contain flaws larger than 0.010 inch (0.254 rmm).
If flaws this small cannot be reliably identified, then higher levels of fracture
toughness will be required. A new x-ray inspection technology known as
Microsoft X-ray has been developed and marketed by IRT Corp. in San Diego,
California which is ideally suited to the inspection of thick ceramic parts. A flaw
detection study should be conducted with this method (or other similar nmthods)
or ceramic parts of the same dimensions and composition as those which will be
used as bore insulators in a large raiigu n.

3. D'v clop .nints Jor rai.slu c-eramic hor, usaklid rs. - l Ie liIna'imum practical
(technical and economict length for advanced hot-pressed ceramics is about 40
inches (one meter). Thus, for full scale EMIL..s which mav rangec in length froma 20
to 100 feet (6 to 30 meters) multiple joints are needed in order to connect th(ý
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segments. These joints must resist the bending loads present as the projectile
passes and must not permit the hot plasma (for a plasma, hybrid or transitioning

anoture gun) from penetrating the joint and leaving a conductive residue.
Examples of joint types include butt, lap and beveled, all with or without grouting
(ceramic cement). These joint designs impose additional tolerance constraints on

the manufacturing method for the insulator segments. Different joint designs can
be tested in a smaller gun (50 or 90 mm bore diameter) in order to economically

evaluate a number of different joint concepts to down-select a single, best design.

4. Select a cement composition. - A study of different cement materials must be
conducted. The cement must possess the same high voltage surface standoff
strength and plasma ablation resistance as the bore insulators, as well as showing
good strength and toughness. A variety of ceramic cernents are commercially

available which warrant scrutiny. It may also be advisable to examine epoxies,

cyanate esters, and other polymers filled with ceramic particles. The same type
of arc exposure tests which were performed at TTU to evaluate insulator materials
should be repeated for cemented joints.

5. Demonstrate cerwnic insulator performance in full scale (90 or 120 mm bore

diameter) railguns for multiple shots. - The railgun shots completed during this
program were conducted on short, thin ceramic segments backed by a high

modulus support. It is necessary to test the full-scale pieces because the stress
state will differ in the large pieces and problems of alignment, toierancing, and

precompression could not be addressed in the small gun. This demonstration
would include use of joints and would probably consist of just a few segments in

the breech end of the gun, where the harshest environment exists.

6. Retrofit an existing fidl-scale round bore barrel with ceramic bore insulators. -
This would enable a demonstration of the effect of a full set of ceramic bore
insulators on the efficiency, reproducibility, aiming accuracy, and lifetime of the
barrel. In addition, the issue of honing of the ceramic segment.s while in place
would be addressed.

It is a consensus in the electric gun commLunity that railgun insulator performance has
been a primary technical barrier in achieving the efficiency, accuracy and lifetime required
in operational systems. The successful completion of the work recommended above would

be a vital step in resolving the insulator problems and would add greatly to the advancement
of electromagnetic launcher technology for use as reliable weapon or launch systems. It is
estimated that the totai iengmh of such a program wouid be about two to tIret, years for r he

full scale demonstratiOn.
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